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ABSTRACT 
 
 
 
 
 
Microvasculature consists of arterioles, capillaries and venules, in which the blood flow velocity 
is slow (≤ 2 cm/s). The hemodynamic signals, blood oxygenation-level dependent response, cerebral 
blood flow, cerebral blood volume and cerebral metabolic rate of oxygen are the common surrogate 
markers to detect brain neural activities in many neuroimaging modalities. These imaging signals 
originate from the microvasculature, which is closely tied to neuronal activity. In this study, two novel 
flow imaging techniques have been developed to investigate the localized cerebral microvascular blood 
flow and flow changes associated with aging, named (i) pseudo-continuous transfer insensitive labeling 
technique (pTILT) and (ii) flow-enhanced signal intensity (FENSI).  
 
pTILT is an advanced pseudo-continuous ASL approach which is developed from  the traditional 
pulsed ASL method of transfer insensitive labeling technique (TILT). pTILT improves perfusion 
acquisitions by 1) realizing pseudo-continuous tagging with non-adiabatic pulses, 2) being sensitive to 
slow flows in addition to fast flows, 3) providing flexible labeling geometries, 4) generating low power 
deposition at high magnetic strength of 3 T, and 5) significantly reducing slice profile artifacts in flow 
measurements, and 6) being more immune to arterial transit time effects compared to the existing 
continuous or pseudo-continuous ASL methods. To optimize the pTILT perfusion imaging in the 
presence of magnetic field inhomogeneities, an acquisition and estimation method is developed to obtain 
accurate perfusion measures with improved labeling efficiency and higher experimental signal-to-noise 
ratio. 
 
The microvascular flow-based functional imaging method of FENSI 1) is an extension of a 
diffusion enhancement method from MR microscopy (DESIRE), 2) offers a highly-localized flow signal 
by tagging a thin slice inside the imaging slice, 3) can have an arbitrary tagging plane, 4) tag flowing 
spins very close to or inside the microvasculature (arterioles, capillaries and venules) with slow velocity, 
5) provides a both velocity- and direction-sensitive signal enhancement of the flow. There are two 
versions of FENSI: the first one is qualitative FENSI which is used as a flow-based functional MRI 
  iii
technique; FENSI is further extended and revised from a qualitative functional MRI tool to a quantitative 
imaging technique, which is capable of providing absolute localized blood flow maps free from 
magnetization transfer and slice profile errors and calculating microvascular flow as volume flux in the 
units of µL/min/cm2. 
 
Both pTILT and FENSI are validated as reliable and sensitive blood flow imaging approaches by 
demonstrating that: 1) consistent flow measurements can be obtained for healthy human subjects during 
resting state scans, and 2) significant flow changes can be detected when the brain is activated during 
functional stimulus. Finally, flow maps acquired with pTILT are used as physiological biomarkers to 
evaluate blood flow changes with aging. 
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1 CHAPTER I   
INTRODUCTION* 
 
 
 
 
1.1 Background 
The hemodynamic signals, Blood Oxygenation-level Dependent (BOLD) response, cerebral 
blood flow (CBF), cerebral blood volume (CBV) and cerebral metabolic rate of oxygen (CMRO2) are the 
common surrogate markers to detect brain neural activities and health status in neuroimaging with 
magnetic resonance imaging (MRI) or functional MRI (fMRI). These imaging signals originate from the 
microvasculature, which is closely tied to neuronal activity. A good understanding and knowledge about 
the regulation of the cerebral microcirculation under functional, physiological and pathological conditions 
is thus critical to accurately interpret these neuroimaging scans and signals of the brain. To decode these 
vascular signals properly, a basic knowledge of the anatomical organization and dynamic behaviors of the 
cerebral microvasculature needs to be considered. 
1.1.1 Microvasculature 
As shown in Figure 1.1, water in arterial blood flows from an artery to the arterioles, then the 
capillary bed, exchanges with tissue water, flows back into venules, and finally drains to the vein. The 
functional exchange of nutrients and wastes between blood and tissue occurs in the microvascular vessels, 
extending from the arterioles through the capillaries and into the venules. The blood velocities in the 
vascular tree of human span a wide range. Average velocities for blood in the aorta, small arteries, 
arterioles, capillaries, venules, small veins, and the venae cavae are approximately 330 mm/s (1), 40 mm/s, 
20 mm/s (2), 0.3 mm/s, 3 mm/s, 10 mm/s, and 100 mm/s, respectively (3). Therefore, the blood flow 
                                                     
*  Parts of this Chapter are adapted from Sutton BP, Ouyang C, Karampinos DC, Miller GA. Current trends and 
challenges in MRI acquisitions to investigate brain function. Int J Psychophysiol 2009;73(1):33-42. 
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velocities in cerebral microvascular vessels (arterioles, capillaries and venules) are very slow, which are 
usually below 2 cm/s.  
 
 
The cerebral microcirculation originates from the penetrating branches of the major cerebral 
feeding arteries forming the circle of Willis (COW) at the bottom of the brain (4). The arterioles and more 
distal capillaries are in direct contact with the brain parenchyma. At that level, as a functional entity, the 
neurovascular unit consists primarily of neurons, astrocytes, endothelial cells, and arterioles which 
contain smooth muscles (5). Smooth muscle cells constrict or relax by converting the chemical signals 
that are generated by endothelial cells, neurons and astrocytes into changes in vascular diameter, and thus 
microarterioles are considered as the main resistance vessels involved in blood supply and control of 
brain perfusion (5).  
 
Examining the functional dynamics of microvascular blood flow offers an efficient way to 
evaluate microcirculation quantitatively. The most commonly used physiological parameters include 
cerebral blood flow (CBF) or perfusion and cerebral blood volume (CBV), which are believed to be 
highly autoregulated to meet the brain's metabolic demands. Perfusion measures the volume of blood 
supply to a unit volume of brain tissue in a unit time, and the unit of perfusion is thus mL/100 gram 
tissue/minute. In healthy adults, the average total perfusion to the brain is 750 mL/min or 15% of the 
cardiac output. Normalized by the brain weight, it yields a CBF of 50 to 54 mL/100g/min (6). CBV 
defines the percentage of blood volume in a unit volume of brain tissue. The common value of CBV in 
the parenchyma of the brain is 4 ml blood/100 ml tissue, or interpreted as 4% (6). Both CBF and CBV are 
Artery Vein
Tissue
Capillary
Arteriole Venule
Microvasculature
 
Figure 1.1: A schematic vasculature diagram showing artery, arteriole, capillary bed, venule and 
vein. The arrow indicates the direction of blood flow.
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strongly sensitive to microvascular flow changes, for example, during brain functional activations, both 
values are observed to increase significantly to satisfy the rising demand for nutrients and oxygen of 
activated neurons. 
1.1.2 Importance of Microvasculature 
Cerebral blood flow can change globally and locally due to a variety of physiological, 
pathological, and environmental conditions. The changes in microvascular circulation can have a wide 
ranging impact on tissue viability as well as other systems. To explain the importance of microvascular 
circulation measures to the underlying physiology, we give couple of application and research examples 
based on microvasculature. 
 
First of all, the blood oxygenation-level dependent (BOLD) response, which is by far the most 
commonly employed method for noninvasive localization of activity in the brain in cognitive psychology 
investigations, assesses magnetic susceptibility differences between oxygenated and deoxygenated 
hemoglobin in microcirculation (7,8). BOLD provides a window into the local oxygenation state of 
hemoglobin, a state which changes depending on a number of parameters, of which blood flow (including 
blood volume, perfusion, and blood velocity) and oxygen extraction fraction are the primary links to local 
metabolism and neuronal function.  
 
In BOLD imaging, the magnetic sucsceptibility of oxygenated and deoxygenated blood in the 
capillary beds differ, with oxygenated blood having a magnetic susceptibility closer to that of the 
surrounding tissue. The difference in magnetic susceptibility between oxygenated and deoxygenated 
blood is small, on the order of tenths of parts per million (ppm) (9). However, the protons in the tissue 
surrounding the microvasculature are affected by this microscopic field variation, and it results in a loss 
 
Figure 1.2: The schematic of BOLD mechanism in (a) resting brain and (b) active brain. The blue dots 
stand for deoxygenated hemoglobin in capillaries and the red dots stand for oxygnetated hemoglobin. 
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of coherence in the precession frequency and hence the phase of the protons. With loss of phase 
coherence comes signal cancellation and ultimately a decrease in signal intensity. Since oxygenated blood 
has susceptibility close to that of the surrounding tissue, it does not disrupt the magnetic field as much as 
deoxygenated blood. The signal from magnetic resonance imaging increases with increased oxygenation 
of the blood, providing the BOLD signal (Figure 1.2 b). 
 
A slightly counterintuitive aspect of the BOLD mechanism is that the oxygenation of the blood 
supply increases, rather than decreases, under local activation of the parenchyma. The exact mechanism 
of this increase of oxygenation due to neuronal activation is still under consideration. However, during 
activation there is a local increase in the oxygen extraction fraction to supply the increased metabolic 
demands by the activated neural tissue, likely including both neurons and glial cells. In response to this 
increased oxygen extraction, the vascular system responds with a localized increase in blood flow that 
more than compensates for the increased utilization. The oversupply results in an overall decrease in 
deoxygenated blood and an increase in the BOLD signal.  
 
Secondly, microvasculature plays an important role in aging studies. In Sonntag’s work  (10), 
representative views of cortical surface vasculature, in 13- and 29-month-old male Brown-Norway rats, 
clearly depict a profound reduction of the cerebral vascular circulation in the older rat. 
 
Besides a profound rarefaction of microvascular density, normal aging is associated with a 
general deterioration of cognitive performance and a significant reduction in cerebral blood flow (11,12). 
Flow measurements for aging have been examined in (11), where a decline of approximately 0.45% per 
year was noted in the perfusion values for gray matter. Measures of cerebral blood flow have been used to 
compare perfusion in gray and white matter between children, teenagers, and adults in (13).  They noted a 
significant drop in CBF around year 16, but lacked sufficient samples of high age to see adult aging 
effects. Further, several studies provide correlation measures of cerebral blood flow and vascular 
reactivity declines in relation to cognitive declines associated with aging and age-associated 
neurodegenerative diseases (14-16). A positron emission tomography (PET) study in (17) looked for 
brain regions showing decreases in relative CBF as a function of age in adults aged 30-85.  They 
identified several regions and noted that these regionally-specific perfusion losses likely correspond with 
specific localized functional losses.   
 
Another example is on the coupling of neurogenesis and angiogenesis. In (18) , the findings show 
that the CBV measurements using MRI provide an imaging correlate of exercise-induced neurogenesis. 
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Both regional cerebral vascular density and CBV are observed to increase in the dentate gyrus. These 
studies have shown that blood flow is an important indicator of the health of neural tissue and have 
further shown sensitivity to angiogenesis during exercise-induced neurogenesis (18).  
1.1.3 Current Techniques for Imaging Microvasculature Non-invasively 
Several techniques have been developed to image the microvascular changes with MRI, these 
include: blood oxygenation dependent level (BOLD), arterial spin labeling (ASL), cerebral blood volume 
based approaches. We will discuss each of these with their relative advantages and challenges for non-
invasive measures of hemodynamics with MRI. 
1.1.3.1 BOLD 
Although BOLD has widely become the tool of choice to detect the hemodynamic changes of 
microcirculation, several challenges exist that impede absolute determination of microvascular 
physiological metrics and functional activity from the detectable signal. These majorly include (a) venous 
contributions of the signal and (b) indirect coupling to the neuronal response through a mixture of 
physiological parameters. For (a), BOLD responses rely on changes of the local magnetic field within 
large vessels (arteries and veins), in microvessels (arterioles, capillaries, venules), and in tissue 
surrounding large and small vessels. Changes in blood oxygenation at the site of neuronal activity can 
result in apparent activations in veins that drain blood from the activated areas, often resulting in 
detection of signal in far-removed places or even outside the brain in the draining sinuses (19). For (b), 
the BOLD mechanism relating neuronal activity to the observed signal is rather indirect, featuring a series 
of complex relationships and including several factors, such as cerebral blood flow, blood volume, and 
oxygen extraction (20). 
1.1.3.2 Arterial spin labeling 
Compared to BOLD, methods based on cerebral blood flow measurement are desirable, as they 
are more closely tied to neuronal function and metabolism than the commonly used blood oxygenation 
techniques (20),(21).  An additional benefit of CBF measures is that they have been shown to be well 
localized to parenchyma, which is in contrast to the venous weighting of the commonly used gradient 
echo BOLD methods (22,23). Due to their advantages in measuring microvascular flow, those flow-based 
methods to examine brain function using MRI have been studied extensively as an alternative to the 
BOLD approaches. 
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Microvascular blood flow measurement can be achieved noninvasively by using the arterial spin 
labeling (ASL) techniques, which utilizes magnetically labeled arterial blood water as a diffusible tracer 
for CBF, or perfusion measurements, in a fashion similar to that used for 15O PET scanning (24,25). 
Whereas traditional perfusion measurements need injection of a tracer as in dynamic susceptibility 
contrast (DSC) MRI, in ASL water in blood is used as an endogenous perfusion contrast agent.  
 
ASL is a subtraction technique whereby two successively acquired images are subtracted, one 
with and one without proximal labeling (i.e., magnetization preparation including spoiling or inversion) 
of arterial water spins. The perfusion contrast is induced by the exchange of these labeled spins with spins 
within the microvasculature and tissue of interest (Figure 1.3). ASL reflects directly and quantitatively 
localized perfusion measures, whereas BOLD reflects a complex interaction of blood flow, blood volume, 
and oxygen extraction fraction. 
 
 
Figure 1.3: Schematic illustration of the principles of ASL. The left panel shows the proximal tagging 
pulse being applied. The middle panel is included to depict the transit of the bolus of tagged blood from 
the tagging plane to the imaging plane. The right panel shows the arrival of the tag at the imaging slice 
after the transit time. 
 
Currently, there is a large family of ASL methods. Continuous arterial spin labeling (CASL) uses 
long flow-driven adiabatic inversion pulses (2-4 s) to label fast flow spins in main feeding arteries of the 
brain. CASL should theoretically produce the highest signal-to-noise ratio (SNR) (26,27) among all the 
ASL methods, however, CASL is limited by the availability of near continuous wave radiofrequency (RF) 
transmission and other imperfections in multi-slice acquisition (28,29). Pulsed arterial spin labeling 
(PASL) applies a short RF inversion pulse to a thick labeling slab proximal to the imaging slices to 
generate a bolus of labeled magnetization (30-32). Although more easily implemented than CASL 
techniques, the PASL techniques suffer from significant reductions in SNR. Recently, an intermediate 
strategy, named pseudo-continuous arterial spin labeling (pCASL), was proposed, by using a train of 
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discrete RF pulses and gradient fields to mimic the flow-driven adiabatic mechanism (33-35). By 
combining the advantages of PASL and CASL, pCASL acts as a desirable alternative approach for 
perfusion measurements with good SNR but without the need for specialized hardware.  
 
The ASL methods mentioned above are based on spatial labeling. A different ASL approach 
named velocity-selective ASL (VSASL) has been introduced (36), in which the tag pulse is velocity-
selective and not spatially selective. This allows for the tagging of all flowing spins that slow down 
during an acquisition to slower than a cutoff velocity Vc (2-4 cm/s), regardless of location. One desirable 
characteristic of VSASL is its capability to generate tags sufficiently close to the target slices and thereby 
circumvent the complication of non-zero arterial transit time.  
 
Benefits and challenges of ASL 
The primary benefits of ASL in microvasculature imaging include: it allows for absolute 
measurement of cerebral blood flow, it may provide higher spatial specificity of neuronal activity than 
BOLD, and it is less sensitive to signal baseline drift than BOLD in neuroimaging. Despite these 
advantages of ASL, it is still an emerging technique and has not replaced more invasive procedures for 
the assessment of cerebral blood flow in patients or replaced BOLD fMRI for mapping functional 
activation. Obstacles to the adoption of ASL approaches in microvascular blood flow imaging include 
several challenges: they produce a low signal with a relatively complex analysis procedure, they are more 
difficult to implement accurately because of transit delay effects, some of the ASL techniques (PASL) 
usually have less imaging coverage, and they suffer from even lower temporal resolution than BOLD 
(which is already slow relative to many types of neural events of interest) in functional MRI. In the 
following paragraphs, we present some of the benefits and challenges of ASL. 
 
(1) Benefits 
Quantification of ASL: ASL techniques may be used in a qualitative fashion similar to that of 
BOLD in neuroimaging to detect brain activations. However, they are also capable of quantifying CBF in 
the unit of mL/100g/min. The absolute quantification of CBF provided by ASL has shown to be more 
reproducible across subjects and generally over longer periods of time than the BOLD signal. In addition, 
it may be useful both for individual clinical case studies and for studies in which normal and patient 
samples are compared (32,37-40). 
 
Localization of ASL signal: There is a more direct coupling of local neuronal activity to CBF than 
to the BOLD contrast, which reflects CBV and CMRO2 as well as CBF. As discussed above, the ASL 
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signal arises from the delivery of magnetically tagged arterial water into the imaging slice where it 
exchanges into the tissue. Therefore, ASL techniques target signal changes that are localized to the level 
of arteries, capillaries, and brain tissue, which are presumably the sites most relevant to neuronal activity. 
Compared to relatively venous-weighted BOLD methods, ASL has higher inherent spatial resolution and 
specificity in functional mapping than BOLD (41). However, this trades off with generally lower spatial 
coverage and temporal resolution than BOLD, as an extra tagging plane and two images, control and tag 
images, are required to provide one single flow acquisition in ASL. 
 
Insensitivity to baseline drift: In neuroimaging, baseline drift can mask low-frequency neural 
activations and can result from both physiological and non-physiological changes induced by effects such 
as subject motion and system instabilities. This slow drift is an important issue because functional maps 
are calculated from control and task-state signal differences. Given that the vast majority of fMRI studies 
have used BOLD contrast as a marker for neural activation, baseline drift effects result in poor sensitivity 
for detecting slow variations in neural activity. By contrast, drift effects are minimized in ASL perfusion 
contrast, primarily as a result of successive pairwise subtraction between images acquired with and 
without labeling, which makes it suitable for studying low-frequency events in brain function (42), for 
long-term functional tasks like studies of sleep, habituation, and effects of drugs, and for intersubject or 
intersession intrasubject comparisons (43). 
 
(2) Challenges 
Low SNR: However, the biggest disadvantage of ASL is its intrinsic low SNR. Since ASL is 
measuring the perfusion signal, the small blood volume fraction of a voxel limits the signal to noise ratio. 
A typical functional change in the acquired ASL signal is often on the order of 1% or less and ASL 
techniques require image subtraction to obtain blood flow information. This subtraction can lead to 
increased noise levels in the perfusion images. Also, in studies to detect functional activations or 
pathological changes, another subtraction is needed to compare blood flow changes between rest and 
activation or control and abnormal states (40,44,45). As a result, ASL studies often require considerable 
averaging to obtain reliable activation signals and thus are insensitive to phenomena that are difficult to 
elicit recurrently. 
 
Transit Delay Effects: After the application of the proximal inversion tag in ASL, there is a transit 
delay before tagged blood begins to enter the imaging slices. This delay is typically between 500 ms and 
1500 ms and can be highly variable even within a given imaging slice. In the case of local cardiovascular 
or neuropathology such as stroke, this transit delay can be significantly lengthened. During functional 
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activation, the transit delay can shorten due to the increased blood flow (46). Accurate determination of 
transit time is critical for quantification of the functional perfusion signal. Several modified ASL 
techniques have been proposed to decrease sensitivity to the effects of transit delay for CASL (29,37,47) 
and PASL (27,32,48). 
 
Temporal Resolution: ASL signal reflects primarily the vascular response of the capillaries as 
mentioned earlier, and its temporal resolution theoretically should be superior to that of BOLD contrast. 
However, because of the pairwise subtraction of tagging and control pulses and the need to wait for 
recovery of transverse magnetization, the sample rate for perfusion images is lower than BOLD. The TR 
normally is around 2-6 s, and the effective perfusion image acquisition rate is around 4-12 s (32,39,40). 
This limitation of ASL fMRI, combined with the low signal to noise ratio, makes it less favorable 
particularly for event-related fMRI.  
1.1.3.3 Cerebral blood volume based approaches 
The BOLD response reflects changes in cerebral blood volume (CBV) in addition to the changes 
in blood flow and oxygen extraction. Several techniques have been developed to examine blood volume 
and to quantify functional changes associated with blood volume. Two classes of methods exist 
depending on whether or not they use an exogenous contrast agent. Absolute quantitations require an 
exogenous contrast agent, making this an invasive procedure. Without an exogenous contrast agent, 
relative CBV changes can be assessed. 
 
In response to the exogenous contrast agent limitations, several noninvasive methods for 
measuring CBV changes have recently been proposed: vascular space occupancy (VASO) (49,50), multi-
echo gradient-echo/spin-echo (MEGESE) (51), modulation of tissue and vessel (MOTIVE) (52), and 
venous refocusing for volume estimation (VERVE) (53). The common point of these methods is nulling 
blood or separating blood from tissue signal using inversion recovery techniques. 
 
In the VASO technique, each voxel is assumed to consist of two-compartments: blood and tissue. 
When a vessel dilates due to functional activation, water will be redistributed between these two 
compartments. By nulling the blood-water signal, VASO predicts the volume changes in the intravascular 
compartment by inferring signal changes from tissue water alone. VASO imaging has been used to 
measure CBV signal changes associated with functional activation in the visual cortex as well as changes 
in response to hypercapnia in a single slice (49,50) and whole brain by the technique called multiple 
acquisitions with global inversion cycling (MAGIC VASO) (54,55). The spatial specificity of a VASO-
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weighted functional map has recently been compared with the traditional exogenous contrast agent 
technique at 9.4 T (56). The results show that both functional maps show good localization of functional 
changes to the middle cortical layer, which has the highest density of vasculature.  
1.2 Objectives and Expected Impact of Research 
Cerebral blood flow (CBF), or perfusion, is a key physiological and clinical indicator of brain 
health. This important physiological parameter has been measured non-invasively, using arterial spin 
labeling (11,12) and phase contrast (15,16) techniques with magnetic resonance imaging. However, these 
existing approaches do not capture the functional level of blood flow and instead either concentrate on 
gross measures of global gray matter cerebral blood flow and target primarily on large arteries, or 
significantly depend on blood flow pathway. The goal of this research is to investigate the localized 
cerebral microvascular blood flow and changes associated with brain activation and aging by developing, 
validating and applying two proposed novel techniques, named (i) pseudo-continuous transfer insensitive 
labeling technique (pTILT) and (ii) flow-enhanced signal intensity (FENSI). To improve the performance 
of current ASL methods, the advanced novel ASL approach of pTILT has been developed and applied to 
provide reliable CBF maps in aging studies, while FENSI will provide highly-localized and velocity-
selective measures of the volumetric flow rate or flux of blood through the microvasculature directly and 
with high specificity. 
 
Both pTILT and FENSI have been developed and validated to provide reliable blood flow 
acquisitions, and then both of them were applied for functional magnetic resonance imaging to detect 
brain activations, finally pTILT was carried out in an aging study to investigate age-associated perfusion 
changes.  
 
To achieve the objectives, the specific research tasks are given as follows: 
• Develop the traditional pulsed ASL method of transfer insensitive labeling technique (TILT) 
into the advanced pseudo-continuous ASL approach of pTILT, which improves perfusion 
acquisitions by 1) realizing pseudo-continuous tagging with non-adiabatic pulses, 2) being 
sensitive to slow flows in addition to fast flows, 3) providing flexible labeling geometries, 4) 
generating low power deposition at high magnetic strength of 3 T, and 5) significantly 
reducing slice profile artifacts in flow measurements, and 6) being more immune to arterial 
transit time effects compared to the existing continuous or pseudo-continuous ASL methods. 
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• Optimize the pTILT perfusion imaging by proposing an acquisition and estimation method 
to obtain accurate perfusion measures with improved labeling efficiency and experimental 
signal-to-noise ratio, in the presence of magnetic field inhomogeneities. 
• Introduce and develop the microvascular flow-based functional imaging method of FENSI, 
which 1) is an extension of a diffusion enhancement method from MR microscopy 
(DESIRE) (57-59), 2) offers a highly-localized flow signal by tagging a thin slice inside the 
imaging slice, 3) can have an arbitrary tagging plane, 4) tag flowing spins very close to or 
inside the microvasculature (arterioles, capillaries and venules) with slow velocity (≤1cm/s), 
5) provides a both velocity- and direction-sensitive signal enhancement of the flow. 
• Further extend and revise FENSI from a qualitative functional MRI tool to a quantitative 
imaging technique, which is capable of providing absolute localized blood flow maps free 
from magnetization transfer and slice profile errors and calculating microvascular flow as 
volume flux in the unit of µL/min/cm2. 
• Validate both of these two blood flow measurement techniques as reliable and sensitive 
approaches by demonstrating that: 1) consistent flow measurements can be obtained for 
healthy human subjects during resting state scans, and 2) significant flow changes can be 
detected when the brain is activated during functional stimulus. 
• Use flow maps acquired with pTILT as non-overlapping physiological biomarkers to 
evaluate blood flow changes with aging.  
 
The significance of this work can be stated for pTILT and FENSI separately. While progress has 
been made in improving the perfusion measurements of ASL by some research groups (11,12), there are 
still several issues: (a) intrinsic low SNR: the major reason of low SNR is due to low blood volume 
fraction in the human brain. This is in addition to other practical and technical factors that can lower the 
SNR of ASL perfusion measurements even further, such as poor labeling efficiency and motion. (b) 
Transit delay: Using water as an endogenous tracer, ASL has an extremely short half-life of the perfusion 
tracer (around 1 second for a 3 Tesla MRI scanner). Because accurate perfusion quantification requires 
information about the delay from the labeling slice to the imaging slice, this short half-life makes ASL 
very sensitive to variations in arterial transit time. These variations in transit time are very common 
between young and older subjects. Several methods have been introduced to eliminate this effect, such as 
adding a postlabeling delay (around 1-2 seconds) which is inserted between the labeling RF pulse and 
imaging excitation RF pulse. The postlabeling delay leads to further loss in SNR due to extra T1 recovery 
during the delay. (c) Off-resonance artifact: the existing pCASL methods can achieve near-continuous 
labeling, resulting in higher SNR than PASL, however, the sensitivity to off-resonance effects can cause 
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significant signal loss, variability in the effective flip angle for label and control pulses, and induce blood 
flow quantification error. The off-resonance influences can result from several sources, including 
magnetic field inhomogeneities from poor shimming, magnetic susceptibility differences in different 
tissues, and gradient non-linearity. The novel pTILT acquisition that we are proposing is able to alleviate 
these issues, resulting in more robust, reliable, and accurate quantification of perfusion with ASL.  
 
Besides advantages in whole-brain perfusion measurements, pTILT has other important imaging 
capabilities, like regional perfusion imaging (RPI), which is used to separate perfusion territories of major 
feeding arteries of the brain. RPI has been proven to be very useful as a clinical tool in diagnosing many 
cerebrovascular diseases and disorders, such as collateral flow, Moyamoya diseases, arteriovenous 
malformations (AVM) and occlusion in internal carotid arteries (ICA) (35).  
 
In comparison to ASL techniques, FENSI provides localized labeling with transit time near zero 
for all tissues in a slice. Hence all tissues and locations, regardless of flow history or flow changes, will 
have the same transit time and it will be accurately specified for quantification. This will facilitate 
examinations of flow in both gray and white matter, an elusive target for ASL methods. Labeled spins 
moving fast in a large vessel will likely exit the imaging slice (needing only 20 mm of displacement in 3 
s), irrespective of changes in direction. We expect that FENSI labels spins closer to the microvasculature 
of the slice and suffers from less contamination of larger flows. This will also lead to more specific 
estimates of directional distribution of micovascular flow. Overall, FENSI is of great potential to provide 
a more direct measurement of cerebral microvascular structure, its flow, and its dynamics in different 
areas of the brain. 
1.3 Organization of Dissertation 
The dissertation is divided into eight chapters. Chapter II presents the novel pseudo-continuous ASL 
method of pTILT. Chapter III illustrates the optimized pTILT technique in the presence of magnetic field 
inhomogeneities and in Chapter IV, the original pTILT technique is modified for regional perfusion 
imaging. Chapter V discusses the age-associated reductions in cerebral blood flow using the pTILT 
technique. Chapters VI and VII demonstrate the qualitative and quantitative FENSI, respectively. 
Conclusions and plan for future studies are discussed in Chapter VIII.  
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2 CHAPTER II  
PSEUDO-CONTINUOUS TRANSFER INSENSITIVE 
LABELING TECHNIQUE* 
 
 
 
 
 
Transfer insensitive labeling technique (TILT) was previously applied to acquire multi-slice 
cerebral blood flow (CBF) maps as a pulsed arterial spin labeling (PASL) method (60). The 
magnetization transfer effect with TILT is well controlled by using concatenated radiofrequency (RF) 
pulses. However, use of TILT has been limited by several challenges, including slice profile errors, 
sensitivity to arterial transit time and intrinsic low signal-to-noise ratio (SNR). In this work, we propose 
to address these challenges by making the original TILT method into a novel pseudo-continuous ASL 
approach, named pseudo-continuous transfer insensitive labeling technique (pTILT). pTILT improves 
perfusion acquisitions by 1) realizing pseudo-continuous tagging with non-adiabatic pulses, 2) being 
sensitive to slow flows in addition to fast flows, 3) providing flexible labeling geometries, 4) generating 
low power deposition at high magnetic strength of 3 T, and 5) significantly reducing slice profile artifacts 
in flow measurements, and 6) being more immune to arterial transit time effects compared to the existing 
continuous or pseudo-continuous ASL methods.  
 
Compared to inversion-based pseudo-continuous ASL (pCASL) approaches, which are based on 
flow-driven adiabatic labeling and reported to be sensitive only to fast flow (35), pTILT provides nearly 
uniform labeling efficiency to both slow and fast flows. This allows pTILT to label slow flows close to 
the microvasculature and the imaging tissue of interest, therefore, pTILT’s localized labeling may be 
beneficial in measuring localized perfusion maps in tissues that would otherwise suffer from long arterial 
                                                     
* Parts of this Chapter are adapted from Ouyang C, Sutton BP. Pseudo-continuous transfer insensitive labeling 
technique. Magn Reson Med 2011; In press. 
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travel distances and long transit times. Another benefit of labeling very close to the imaging volume is 
that the signal loss due to T1 recovery can be reduced.  Perfusion maps during both resting state and 
functional tasks were successfully demonstrated in healthy volunteers with pTILT. A comparison with 
typical SNR values from other perfusion techniques shows that although pTILT provides less SNR than 
inversion-based pCASL techniques, the modified sequence provides similar SNR to inversion-based 
PASL techniques. 
2.1 Introduction 
Arterial spin labeling (ASL) permits noninvasive cerebral blood flow (CBF) measurements by 
utilizing water in blood as an endogenous perfusion contrast agent (24,25). Transfer insensitive labeling 
technique (TILT) and its derivatives have been used as a PASL method by employing concatenated RF 
pulses (61-64). The technique was designed to completely eliminate magnetization transfer (60) effects 
from the ASL signal. The inversion in TILT is achieved by using two concatenated slice-selective 90o RF 
pulses in a particular way: the 2nd 90o RF pulse is inverted in time and the 2nd slice-selective gradient has 
opposite sign compared to the 1st one. For control preparation, the 2nd RF pulse has a 180o phase shift. 
With this RF concatenation scheme, the MT signals from the static tissue in imaging slices are cancelled 
out between control and label sessions, as the same RF pulses with the same timing are employed in both 
sessions. However, in addition to intrinsic low SNR and sensitivity to arterial transit time effect as a 
PASL method (61,63,64), TILT can suffer from potentially large slice profile artifacts from static tissue in 
the subtracted perfusion weighted images, leading to significant perfusion quantification errors. A 
straightforward solution is to make the gap bigger between labeling and imaging slabs, but this will 
reduce the available imaging coverage of the brain. An alternative approach to remove the effects of 
labeling pulses on the imaging volume was proposed in (63). Three saturation pulses followed by strong 
gradient spoilers were implemented in the imaging region subsequent to the TILT labeling. In the current 
work, we will use narrow labeling planes to limit the contribution of the labeling pulses to the imaging 
plane. 
 
Retaining the magnetization transfer insensitive feature, here we propose to make TILT into a 
novel pCASL technique, named pseudo-continuous transfer insensitive labeling technique (pTILT). 
pTILT improves perfusion acquisitions by 1) realizing pseudo-continuous tagging with non-adiabatic 
pulses, 2) being sensitive to slow flows in addition to fast flows, and 3) providing flexible labeling 
geometries. These benefits allow pTILT to be applied close to the imaging volume to label slow flow. A 
set of studies were carried out to explore the feasibility of pTILT as a novel pCASL approach in 
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microvascular flow imaging. First, numerical simulations were performed to exam the labeling efficiency 
of pTILT as a function of flow velocity. Second, to make sure that the labeling slice of pTILT can be 
placed very close to the imaging tissue, we investigated and compared the slice profile artifacts of TILT 
and pTILT. Third, perfusion acquisitions during resting state and functional activations were 
demonstrated in human brain with pTILT.  
2.2 Materials and Methods 
2.2.1 MR pulse sequence 
In TILT, a single pair of concatenated 90o RF pulses were implemented in a thick labeling slab 
(140 mm) to achieve an inversion slice profile (61). Figure 2.1 shows the labeling and imaging geometry 
for TILT and our proposed pTILT acquisitions. For the conversion of TILT to pTILT, we propose three 
major modifications: (65) rather than implementing the RF concatenation pair only once, we repeated it 
for 100 times to reach pseudo-continuous labeling status. (2) The labeling slab was reduced to 10 mm in 
pTILT, as shown by the yellow box below the imaging slices in Figure 2.1b. (3) We use 45o RF pulses in 
pTILT, instead of the 90o pulses in TILT, therefore, we use saturation for labeling. Although this results 
(c) pTILT‐visual(b) pTILT‐whole brain(a) TILT (d) pTILT‐motor
  (e)
(f)
 
Figure 2.1: Schematic of the labeling geometry for (a) TILT, (b) global pTILT, (c) localized pTILT 
for visual area and (d) localized pTILT for motor area. Orange box: imaging slices and dashed yellow 
box: labeling slab. pTILT pulse sequence for control (e) and label (f) sessions. Tps: RF pair spacing, τ: 
RF spacing, Ts: total labeling duration, w: post-labeling delay. 
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in some loss of SNR, we gain some of the lost SNR from the transition to pseudo-continuous labeling. 
The detailed MR pulse sequence parameters are listed in Table 2.1. 
2.2.2 Human subjects  
Four subjects (three male and one female, 20-30 years old) were studied on a 3 T Siemens 
(Erlangen, Germany) Trio scanner using a standard body coil transmission and a twelve-channel head 
array receive coil, following a protocol approved by the Institutional Review Board of the University of 
Illinois at Urbana-Champaign. To reduce movement, padding was used to stabilize the subject’s head. 
 
Table 2.1: MR pulse sequence parameters: 
Imaging parameters: 
FOV = 22 cm, in-plane matrix size = 64×64, TR/TE = 5000/44 ms, SE-EPI readout, imaging slice 
thickness = 6 mm, slice gap = 3/1.2 mm. Averages = 30.  
TILT: 
labeling slice thickness = 50 mm, RF pair repetitions = 1, postlabeling delay (w) = 1 s, gap 
between imaging and labeling regions = 10 mm. 
Global pTILT: 
labeling slice thickness = 10 mm, RF pair repetitions = 100, total labeling duration  = 3 s, 
postlabeling delay (w) = 1 s.  
Localized pTILT: 
labeling slice thickness = 10 mm, RF pair repetitions = 100, total labeling duration  = 3 s, 
postlabeling delay (w) = 0.5 s, gap between imaging and labeling regions = 10 mm. 
RF concatenation pair: 
windowed-sinc 90o/ 45o RF pulse with duration = 2560 us, RF spacing (τ) = 2960 us, RF pair 
spacing (Tps) = 30 ms, spoiler duration and amplitude = 4000 µs/[±10, ±12, ±14, ±16 mT/m]. 
 
2.2.3 Perfusion quantification 
Pairwise subtraction between control and label images was used to generate flow-weighted 
images. Perfusion in the units of mL/100mL/min was calculated based on Equation (2.1), in which a 
single compartment model and no blood exchange are assumed (66,67): 
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where ΔM is the flow-weighted image, Mo,CSF is the measured intensity of cerebrospinal fluid 
(CSF) in a voxel in the ventricles. λblood, α and w are the water content of blood (0.76 as used in  (66)), 
labeling efficiency and post-labeling delay respectively. T1,blood (1680 ms at 3 T) and T2 ,blood (275 ms at 3 
T) are the longitudinal and transversal relaxation rates of blood (68).  Tslc is the EPI readout duration of 
one single slice, and n is the index of acquired slice. Note that in Equation (2.1), the CBF quantification is 
not divided by two as in CASL, as the labeling in pTILT is realized by saturation instead of inversion. 
 
We perform three studies to show the performance of pTILT. For the first study, we examine the 
labeling efficiency of the proposed pTILT technique using simulations and show its sensitivity to a wide 
range of flows. In the second study, we compare pTILT to TILT in terms of static tissue contamination in 
the flow signal by implementing both techniques in volunteer subjects. Finally, in the third study, we 
examine the performance of pTILT in measuring baseline and task-related flows in the brain of healthy 
volunteers. 
2.2.4 Study 1: Simulation of labeling efficiency 
Labeling efficiency is one of the most critical parameters in perfusion measurement with pCASL. 
Numerical Bloch equation simulations developed in MATLAB (MathWorks Inc.) were performed to 
explore the labeling efficiency of pTILT as a function of blood velocity. The simulation parameters used 
in this analysis were the same as in Table 2.1, identical to those in the human studies. Plug flow was 
assumed with a range of 0-50 cm/s. The labeling efficiency α was then calculated by Equation (2.2): 
0 ,
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z z z
label control
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control label
z z
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M M
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α α
α
−= =
−=
                                          (2.2) 
where αlabel, αcontrol, α are the label, control and combined labeling efficiency respectively. Mz is the 
remaining longitudinal magnetization of blood and Mz0 is the equilibrium magnetization of blood. Note 
that, in Equation (2.2), the denominator is 2Mzo instead of Mzo, as we are calculating our labeling 
efficiency to be comparable to the efficiency of other inversion-based ASL methods. Since pTILT is a 
saturation technique, we lose a factor of 2 in our efficiency compared to these other techniques. Three 
groups of pTILT labeling parameters were investigated: labeling slice thickness/RF pair spacing (Tps) = (I) 
10 mm/20 ms, (II) 10 mm/30 ms, (III) 20 mm/20 ms. 
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2.2.5 Study 2: Labeling slice profile artifacts 
Experiments were carried out to compare the level of flow contamination from static tissues from 
the labeling slice profile effects between pTILT and TILT. For each sequence, five axial slices were 
acquired twice, by placing the labeling slab below and above the imaging slices. The gap between 
labeling and imaging slabs was kept the same for all acquisitions (10 mm). Here, the gap was defined as 
the distance between the centers of the labeling slice and the bottom imaging slice minus half their 
nominal widths. By placing the labeling slab above the imaging slices, we assume that the flow-related 
signal was insignificant and the estimated flow map represented static tissue contamination from the 
labeling pulse. 
2.2.6 Study 3: Perfusion acquisition 
Two sets of perfusion measures were carried out on volunteer subjects to show reliable measures 
of global perfusion, flexible labeling geometries, and sensitivity of the technique to task-induced changes 
in flow. The first scan was used to acquire resting perfusion maps for whole brain coverage with pTILT. 
A similar geometry as existing pCASL was used in this study, by labeling at the level of main feeding 
arteries, e.g., internal carotid arteries (Figure 2.1b) and using a post-labeling delay of 1 s. 
 
In the second scan, all subjects were instructed to perform two functional tasks, a visual task and 
a motor task. In the visual task, subjects passively viewed a blocked visual presentation that consisted of 
30 s of display of a fixation cross followed by 30 s of a checkerboard reversing at 8 Hz. Five repeats of 
the task/fixation blocks were employed per functional run with a total duration of 5 minutes. Four coronal 
imaging slices covering the visual cortical areas were acquired with pTILT, and the labeling slice was 
placed anterior to the imaging slab with a 10 mm gap (Figure 2.1c). In the motor task, subjects were asked 
to perform sequential finger-to-thumb tapping for 30 s with five repeats, interleaved with a 30 s rest. The 
total duration was also 5 minutes. Six imaging slices covering the hand area of the primary motor cortex 
were acquired, and the labeling slice was placed 10 mm below the edge of imaging slab (Figure 2.1d). A 
post-labeling delay of 0.5 s was used for these two functional acquisitions.  
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2.3 Results 
2.3.1 Study 1: Simulation of labeling efficiency 
Figure 2.2 depicts simulated label, control and the combined labeling efficiency for a range of 
velocities. The results indicate that pTILT has good and stable efficiencies for both fast and slow flow 
spins. For comparison, the blue dashed curve in Figure 2.2a shows the shape of the combined efficiency 
for a flow driven adiabatic inversion pCASL method (35). Note that the inversion-based pCASL methods 
benefit from a factor of 2 in labeling efficiency due to the use of inversion. Adiabatic flow driven pCASL 
provides high efficiency for fast spins (≥15cm/s), but lower efficiency for slow spins (≤10 cm/s). The 
reason for the reduced efficiency is that slow spins do not satisfy the flow-driven adiabatic condition very 
well. 
2.3.2 Study 2: Labeling slice profile artifacts 
The flow-weighted images (ΔM/Mo) by TILT and pTILT are shown in Figure 2.3. When the 
labeling slice is placed below the slab of imaging slices, these images contain both flow-related signal and 
labeling slice profile induced artifacts. When the labeling slice is placed above the imaging slab, only 
label-induced static tissue artifacts are expected. Therefore, the image amplitude in Figure 2.3b and d 
represents the slice profile errors for TILT and pTILT, respectively. TILT showed large artifact signals in 
 
Figure 2.2: Simulated label (dashed line), control (dotted line) and combined (solid line) efficiency as a 
function of blood velocity with the pTILT sequence. (a) Efficiency comparison between different RF 
pair spacings (Tps=20 ms, red, and Tps=30 ms, black) with the same labeling slice thickness 10 mm. (b) 
Efficiency comparison between different labeling slice thickness (10 mm, red, and 20 mm, black) with 
the same RF pair spacing (Tps=20 ms). T1 and T2 relaxations of blood are not considered in this 
simulation. The blue dashed line in (a) denotes the labeling efficiency of flow-driven adiabatic inversion 
pCASL methods for comparison. 
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the imaging slices close to the labeling slab, and smaller artifact signals in slices further away (Figure 
2.3a and b). pTILT showed consistently reduced artifactual signals throughout the imaging region. Figure 
2.3c shows the perfusion-weighted images from pTILT without significant slice profile errors and 
consistent sensitivity to flow across the multi-slice acquisition.  
2.3.3 Study 3: in vivo perfusion acquisition 
A typical set of perfusion-weighted maps from global pTILT is shown in Figure 2.4a. Figure 2.4b 
and 4c are the localized perfusion maps acquired during visual (coronal slices) and motor (axial slices) 
functional tasks, respectively. Example z-score activation maps by pTILT and co-acquired blood 
oxygenation dependent level (BOLD) are shown in Figure 2.4d (visual) and e (motor). Activation maps 
were formed using FSL 4.1.4 (FMRIB Software Library; http://www.fmrib.ox.ac.uk/fsl). The time series 
was high-pass filtered with sigma = 60 s. Spatial filtering was performed with a Gaussian kernel with a 
full width at half-max of 5 mm. The signal was modeled by multiplication of a label/control regressor 
with a block model of the task that was convolved with a gamma-function hemodynamic response 
function. Z (Gaussianised T/F) statistic images were thresholded using clusters determined by Z≥2.3 and 
a (corrected) cluster significance threshold of P=0.05.  The activation results were overlaid on a high-
resolution 2D T2 turbo-spin echo acquisition taken with slices at the same location as the functional 
acquisitions. 
 
Perfusion maps were quantified by Equation (2.1). Mean CBF values and mean temporal SNR in 
ROIs were calculated for each subject. For resting global pTILT perfusion maps, a gray matter ROI for 
each subject was obtained in a similar way to previous literature (69), by calculating quantitative 
perfusion maps and applying a threshold for each voxel with CBF ≥ 40 ml/100 g/min. A potential 
drawback to this approach is that it might induce a bias toward high perfusion values and overestimate the 
average perfusion in gray matter. For functional perfusion acquisitions, the ROI was taken as the 
activated voxels (those that exceeded the cluster-level statistical threshold as explained above). The 
temporal SNR of single repetition is calculated by dividing the mean flow-weighted signal in each voxel 
by the standard deviation through the time course (30 repetitions) followed by spatially averaging over 
each ROI  (69,70). All the values are listed in Table 2.2, along with a comparison with literature values of 
temporal SNR from other ASL techniques. 
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d. pTILT‐above
c. pTILT‐below
b. TILT‐above
a. TILT‐below 2% 
1% 
0% 
 
Figure 2.3: Flow-weighted images (ΔM/Mo) acquired by using TILT labeling applied (a) below and 
(b) above the imaging slices, and using pTILT labeling applied (c) below and (d) above the imaging 
slices. Note that no flow signal is expected when labeling above the imaging slices. 
 
 
 
Figure 2.4: (a) An example of multi-slice, whole-brain perfusion-weighted images with pTILT. (b) 
Coronal perfusion-weighted images of visual cognitive area with localized pTILT. (c) Axial perfusion-
weighted images of motor cognitive area with localized pTILT. (d) Z-score activation maps by co-
acquired BOLD (1st column) and pTILT (2nd column) during a visual stimulus task. (e) Z-score 
activation maps for the motor task, same arrangement as in (d). 
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Table 2.2: CBF (mL/100 g/min) and temporal SNR (per image) values in four subjects: for comparison, 
average SNR values for several other techniques from the literature are included. 
Subjects  1 2 3 4 Mean SD 
Global pTILT CBF 70.1 70.4 70.5 67.4 69.6 1.3 
SNR 1.0 1.0 0.9 0.9  1.0 0.1 
Localized pTILT 
(visual) 
CBF 78.7 63.8 64.9 72.4  70.0 6.0 
ΔCBF% 92.3 94.5 63.5 98.5  87.2 13.9 
SNR 2.0 1.8 2.0 1.7  1.8 0.2 
Localized pTILT 
(motor) 
CBF 74.1 76.3 72.8 79.7  75.7 2.6 
ΔCBF% 94.4 92.6 42.0 56.8  71.5 22.7 
SNR 2.3 1.7 1.7 1.9  1.9 0.3 
VSASL* SNR      1.1 0.2 
PICORE/ 
QUIPSS II* 
SNR      2.1 0.3 
pCASL* SNR      4.9 2.4 
*The temporal SNR values of VSASL, PICORE/QUIPSS II and pCASL are from references (69), (69) 
and (70), respectively. 
 
pTILT gives much higher SNR when applied as a localized perfusion acquisition scheme 
(1.8±0.2 for posterior area and 1.9±0.3 for superior area) than when applied as a  whole-brain coverage 
scheme (1.0±0.1). However, the CBF values obtained with these two different geometries are in similar 
range. Figure 2.4d and e indicate a good overlay of detected areas by pTILT and co-acquired BOLD 
during functional stimuli. In the visual cognitive task, the measured average CBF in the activated voxels 
of four subjects is 70.0±6.0 mL/100 g/min, and the perfusion change is 87.2±13.9%. In the finger tapping 
experiment, the average CBF value in the activated voxels is 75.7±2.6 mL/100 g/min, and the average 
flow change is 71.5±22.7%. These results match the literature reports for flow changes in similar 
functional tasks (71,72).  
2.4 Discussions 
2.4.1 Labeling slice profile artifacts 
Negligible labeling slice profile errors are induced in pTILT by using a small labeling slice and 
small gap, thus permitting pTILT to label close to tissues of interest. There is a relationship between the 
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thickness of the labeling slice and the required spatial gap to ensure insignificant contributions to the flow 
signal from the saturation profile of the labeling pulse. As shown in Figure 2.3, a smaller labeling slice in 
pTILT introduces much smaller slice profile error in the imaging region. By using a thinner labeling slice, 
we can make the gap between label and imaging slab smaller without causing slice profile errors. In 
addition, given the high labeling efficiency of pTILT to slow flows, closer labeling will not result in a 
reduction of labeling efficiency. 
2.4.2 Labeling efficiency 
In pTILT, we can adjust the sequence timing and geometry parameters to achieve maximal 
labeling efficiency for different velocities. For example, in Figure 2.2a, a higher label efficiency is 
achieved for faster flowing spins by using a shorter RF pair temporal spacing with the same labeling slice 
thickness (10 mm), while Figure 2.2b illustrates that with the same RF pair spacing (Tps= 20 ms), a wider 
labeling slice thickness generates higher label efficiency for faster flows. Roughly speaking, the label 
efficiency increases for faster flows with labeling slice thickness, and decreases with increased RF pair 
spacing. The critical velocity of pTILT (i.e., the velocity at which the label efficiency begins to decrease 
quickly) can be estimated by dividing the labeling slice thickness by the RF pair spacing. For example, 
for labeling slice 10 mm and Tps of 30 ms, the critical velocity is around 30 cm/s as shown in Figure 2.2a.  
 
Based on our simulation results, wider labeling slice thickness and shorter RF pair spacing lead to 
higher labeling efficiency for faster flows, however, the choice of these two parameters are limited by 
other considerations. For example, the cost of using a wider labeling slice is that we need a bigger gap 
between labeling and imaging slabs to avoid slice profile errors and contamination of the ASL perfusion 
signal by saturated static tissues. If we use smaller RF pair spacing, then a larger number of RF pairs need 
to be implemented in order to keep the same total labeling duration. This will increase specific absorption 
rate (SAR) for the subject. 
 
Better sensitivity and labeling efficiency with CASL and pCASL relies on a higher pulse power, 
however, the maximum pulse power is constrained by the magnet’s SAR limits, especially in high 
magnetic field (≥ 3 T) (73). While in the pTILT sequence, we chose relatively long RF pulses (2.56 ms) 
which have a 45o flip angle and the RF pulse pairs are spaced by 30 ms, resulting in an effective duty 
cycle of 17.1%, much lower than that by CASL and pCASL (73). Although as many as 100 repetitions of 
the RF pairs were carried out, the measured SAR levels of the 3 T pTILT sequence, as determined by the 
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manufacture’s power supervision, never exceeded 20% of the SAR limit for the protocols given in Table 
2.1.  
2.4.3 SNR analysis 
Theoretically, global pTILT would have half the temporal SNR of that by flow-driven based 
pCASL approaches due to the use of saturation for labeling in pTILT instead of inversion. As seen in the 
experimental results in Table 2.2, global pTILT provides SNR as high as Velocity-Selectively ASL 
(VSASL) (69), which also uses saturation for labeling. The SNR with global pTILT is around half the 
value by the pulsed ASL method of (PICORE/QUIPSS II) (69) and around a fifth of that of a pCASL 
SNR measurement in the literature (70). There are multiple possible reasons for the lower SNR with 
global pTILT than the expected value: first, the mean and the peak velocities through internal carotid 
arteries (ICAs) are reported in the range of 30 cm/s (74) and 75 cm/s (75) in the literature, respectively. 
The critical velocity in our pTILT protocal was around the mean blood flow velocity in ICAs, but smaller 
than the peak velocity. Therefore, we may lose labeling efficiency for fast spins (> 30 cm/s). The 
sensitivity to faster flowing spins can be adjusted through geometric and timing parameters in the 
sequence. Second, pTILT labeling is sensitive to off-resonance effects due to the time spacing between 
the paired RF pulses (τ, as shown in Figure 2.1d). Strong field inhomogeneity (ΔBo) was observed around 
the labeling sites during our scans, and it worsens the experimental SNR with global pTILT. A correction 
method proposed previously by our group may be used to address some of this loss in SNR (76). We note 
that other balanced and unbalanced pCASL methods have also been reported to be very sensitive to this 
effect (35,77). Third, B1-inhomogeneity may play a role in reducing the labeling efficiency with pTILT 
as well, since non-adiabatic pulses were implemented in pTILT and their performance is known to be B1-
dependent, especially at high magnetic fields (≥ 3 T).  
 
Localized pTILT is expected to benefit from a gain of 1.3 times higher SNR than that of global 
pTILT by implementing a shorter post-labeling delay (PLD) of 500 ms, while the experimental SNR with 
localized pTILT was 1.9 times higher than global pTILT. There are several possible explanations for this 
improvement. First, in localized pTILT, the labeling slice was placed further downstream in the arterial 
pathway, at a location in which the blood flow velocity should be slower than the critical velocity (30 
cm/s) and thus high labeling efficiency can be achieved. Second, the labeling slice of localized pTILT 
was located in more superior regions in the brain, which have more homogeneous magnetic field map 
than that at the ICA sites where global pTILT labels. This results in increased effectiveness of the labeling 
pair of RF pulses and less signal loss due to field inhomogeneity. Third, it’s observed in our studies that 
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repetitive applications of labeling RF pairs could relieve the B1-dependence of the non-adiabatic RF 
pulses, resulting in a better saturation profile. For the same labeling slice thickness and RF pair spacing, 
slower flowing spins labeled in localized pTILT could be exposed to a higher number of repeated 
saturation RF pairs, resulting in more complete labeling. 
 
According to Table 2.2, localized pTILT provides around twice the SNR reported for VSASL 
(69), nearly the same SNR as pulsed ASL (69) and 0.4 times the SNR reported for pCASL (70). Note that 
the comparisons of SNR between these different methods are only approximate, since different imaging 
parameters were used in these studies, such as the voxel size, echo time and post-labeling delays. 
However the comparison provides a basic idea about the SNR level achieved by pTILT. 
 
Asymmetry in the perfusion signal (left versus right hemisphere) was observed in some of the 
subject data, as shown in Figure 2.4a. Asymmetry indices were calculated for each subject, defined as one 
minus the ratio of MIN(CBFleft, CBFright) over MAX(CBFleft, CBFright) with CBFleft the mean CBF in the 
left perfusion territory. The mean indices for all four subjects are 0.09±0.03 and 0.07±0.04 for global and 
localized pTILT, respectively. The higher asymmetry index in global pTILT may be due to differences in 
the magnetic field from magnetic susceptibility effects in the more inferior labeling planes. For the 
superior brain regions that are in the labeling plane for localized pTILT, shimming results in much 
smoother magnetic field maps. The improvement in the magnetic field inhomogeneity results in more 
complete label and control preparations from the concatenated RF pulse pairs. 
2.4.4 Transit time in pTILT 
Compared to pCASL and PASL acquisitions, in which a typical post-labeling delay (PLD) of 
1000 to 1500 ms is used (31,35,61,73), there are several reasons as to why localized pTILT enables the 
use of a shorter (500 ms) PLD without reducing microvascular perfusion sensitivity. (i) In our 
experiments, a long labeling duration (3 s) with pTILT helped weight the flow-weighted signal 
significantly more towards microvasculature and a PLD of 500 ms allows fast flowing spin to clear. (ii) 
Arterial transit times (ATT) between the labeling and imaging slabs are reduced by placing the thin 
labeling slab close to the imaging volume. A significant amount of transit time is incurred in the large 
vessels when labeling at the ICA. According to the literature, the average transit time is in the range of 
400-700 ms for the labeled spins traveling from the carotid arteries to the Circle of Willis (78,79). (iii) In 
addition to delays in the large arteries, a recent study showed an increase of 63.5 ms in ATT was 
encountered between slices in a multi-slice ASL acquisition when the slice thickness was 9 mm (80). In 
our localized pTILT, we are applying the labeling plane at a distance of approximately 4 cm closer to the 
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imaging slice than the Circle of Willis. This potentially leads to a further reduction in ATT by 280 ms. In 
summary, the shorter post-labeling delay of 500 ms implemented in our localized pTILT does not 
compromise the signal sensitivity towards perfusion. This is a unique feature of localized pTILT, as 
pCASL and PASL methods target the large arteries either for maintaining high labeling efficiency or for 
producing a large labeling volume. A short PLD in these other ASL acquisitions would result in reduced 
sensitivity towards perfusion. 
 
By labeling close to the tissue with localized pTILT, we would expect to gain 1.3 times the SNR 
of global pTILT, by reducing the PLD from 1 s to 500 ms. The minimal PLD would be limited by the 
quality of the RF slice profile and the minimum gap required to avoid contamination of the flow signal 
with static spins. The potential SNR gain becomes higher in pathologies like stroke, in which the arterial 
transit time for global pTILT (or other pCASL methods) can be longer than T1 relaxation time of blood 
(81). For example, in the case of stroke, a theoretical gain of 2.0 times higher SNR (than global pTILT) 
could be obtained from a reduction in the PLD from a value of around 1.68 s (T1 of blood at 3 T) to 500 
ms using localized pTILT. In conclusion, for tissues with long ATTs, localized pTILT can be a good 
solution to reduce ATT sensitivity by labeling very close to the tissue of interest and gaining SNR due to 
reduced signal loss by using a shorter but reasonable PLD. 
 
There are two other flow measurement techniques under development which are also less 
vulnerable to the arterial transit time effects, similar to localized pTILT. The first one is VSASL (69) 
proposed by Wong’s group, in which the labeling is only velocity-selective but not spatial selective. The 
second method is flow-enhanced signal intensity (FENSI), also proposed by our group (82), in which the 
labeling slice is placed in the middle of imaging slice to avoid dependency on flow history.  
2.4.5 Future work 
In our localized pTILT (10 mm labeling slice and 30 ms RF pair spacing), the labeling efficiency 
is high for both fast and slow spins. There is a possibility that fast spins get tagged and do not fully 
exchange into tissue after a short PLD of 500 ms. The resulting perfusion maps could be contaminated by 
intravascular signals. There are two ways to exclude the inflowing signal, one is to use bipolar crusher 
gradients (47), and the other specific solution for pTILT is to decrease the critical velocity by using 
thinner labeling slice and longer RF pair spacing. Implementation of Shinnar-Le Roux (SLR) RF pulses 
(83), which is well-known for providing analytical tradeoffs for slice profile performance, could further 
reduce slice profile errors in the imaging slab and allow for closer spacing between the labeling slice and 
the imaging slices.  
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Due to the lack of a competing pCASL sequence, we only made an approximate comparison 
between the SNR of pTILT and that of pCASL techniques reported in the literature. Future work will be 
carried out to investigate and compare these two methods in the same study.  
2.5 Conclusions 
In this work, we converted the original TILT method into a novel pCASL technique, named 
pseudo-continuous transfer insensitive labeling technique (pTILT). To our knowledge, pTILT is the first 
pCASL method that is not based on a flow-driven adiabatic mechanism. The features of pTILT include: 
(1) significantly reduced slice profile errors compared with TILT; (2) high labeling efficiency for both 
fast and slow flow spins. These two features enable pTILT to label at major feeding arteries as well as at 
smaller vessels very close to tissues of interest. Perfusion maps obtained during both resting state and 
functional tasks are demonstrated with pTILT. Our studies indicate that, in terms of signal-to-noise ratio 
and insensitivity to transit time, pTILT’s localized labeling may be beneficial in measuring localized 
perfusion maps in tissues that would otherwise suffer from long arterial travel distances and long transit 
times.   
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3 CHAPTER III  
OPTIMIZING PTILT PERFUSION IMAGING IN THE 
PRESENCE OF MAGNETIC FIELD INHOMOGENEITY 
 
 
 
 
 
As a novel pCASL approach, pTILT employs repetitive non-adiabatic saturation RF pulses for 
tagging. pTILT improves perfusion acquisitions by being sensitive to slow flows in addition to fast flows 
and providing flexible labeling geometries with low RF power deposition. However, the original pTILT 
was observed to be vulnerable to off-resonance artifacts due to the implementation of concatenated RF 
pulses, resulting in reduction of labeling efficiency and experimental signal-to-noise ratio. In this Chapter, 
we propose an acquisition and estimation method to obtain accurate perfusion measures with pTILT in 
the presence of magnetic field inhomogeneities. The results of our human studies demonstrate the 
effectiveness of the optimized pTILT sequence in providing robust perfusion measurements. This strategy 
may be also beneficial for other applications of concatenated RF pulses where sensitivity to magnetic 
field inhomogeneity prevents accurate application. 
3.1 INTRODUCTION 
pTILT was introduced as a novel pCASL method in the previous Chapter, which employs 
repetitive non-adiabatic saturation RF pulses for tagging (84). The pTILT sequence results in balanced 
magnetization transfer effects between tag and control applications of the sequence while enabling the 
tagging of blood very close to the tissues of interest. The overall efficiency of the pTILT technique suffers 
due to the use of saturation pulses compared to inversion strategies in traditional pCASL techniques. 
However, the pTILT tagging can be applied with flexible tagging geometry and maintains its tagging 
efficiency for very slow blood flows (84).  
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The tagging pulses in pTILT are applied as a concatenated pair of slice selective RF pulses with a 
flip angle of 45o and the phase of the second RF pulse is modified to obtain tag or control labelings. In 
pTILT, two successive slice-selective (45o, 45o) RF pulses are applied for saturation in tag, and a pair of 
(45o, -45o) RF pulses are employed for labeling in control. As shown in Figure 3.1(a), the pulse scheme is 
arranged in a particular fashion following the recommendations in (61,62), in which the second slice 
selection gradient has the opposite sign compared with the first one and the second RF shape is inverted 
in time if it is not symmetric. The net magnetization transfer (MT) effect on macromolecular spin 
magnetization is equivalent between the (45o, 45o) and (45o, -45o) concatenated RF pulse pairs, ensuring 
that MT-related signal in static tissue is cancelled out by the subtraction procedure.   
 
Several different labeling geometries are possible with pTILT, representing two strategies: global 
tagging and local tagging. For global pTILT, the labeling plane is placed at the level of the internal 
carotid arteries (ICAs) below the convergence of the two vertebral arteries (VAs), around 8-12 cm below 
the Circle of Willis (COW). For localized pTILT, the labeling plane is placed close to the imaging tissue 
of interest with tagging applied to smaller arteries in the vascular tree where blood flow is moving more 
slowly.  
 
There is a difference in time between the centers of the concatenated RF pulses, denoted as τ in 
Figure 3.1(a). This RF pair time spacing leads to sensitivity to magnetic field inhomogeneity which 
results in variability in the effective flip angle for tag and control pulses. The errors in flip angle for tag 
and control pulses result in reduction of labeling efficiency and errors in quantifying perfusion (61,62,84). 
This can be especially true for global pTILT with strong field inhomogeneity observed at the labeling 
plane at the ICAs. In (84), the magnetic field inhomogeneity in this region resulted in lower experimental 
SNR than was predicted for global pTILT. The labeling plane of localized pTILT usually has a more 
homogenous magnetic field distribution than that of global pTILT due to its more superior placement. 
However, in some brain regions, such as the orbital frontal cortex, significant magnetic field 
inhomogeneity artifacts exist due to their close proximity of tissue/air boundaries (85,86). The perfusion 
measurement by localized pTILT can also be seriously contaminated if the labeling plane is passing 
through these regions. A careful manual shimming before pTILT acquisitions could help improve the 
main field homogeneity and lessen the influence of off-resonance effects, however, in practice sufficient 
field inhomogeneity cannot be achieved by shimming alone.  
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In this Chapter, to further improve the experimental SNR and to optimize the perfusion 
measurements with pTILT, we propose a method to recover signal loss from the blood flow measurement 
by correcting the effects of static field inhomogeneity on concatenated RF pulses. First, numerical Bloch 
simulations were performed to explore the labeling responses of (45o, ±45o) pulses as a function of off-
resonance frequency. Second, a correction method was proposed by curve-fitting the measured blood 
flow signal to the model obtained from the simulations, and a set of human experiments were carried out 
to demonstrate the effectiveness of our optimized method for both global and localized pTILT approaches. 
3.2 MATERIALS AND METHODS 
3.2.1 Numerical simulations 
Numerical Bloch simulations were performed to examine the tag and control signal profiles of the 
pTILT sequence as a function of off-resonance frequency (Δf) and to validate that the signal profiles of 
(45o, ±45o) are consistent with those from (45°, ±45°) binomial RF pulses (87). If we consider that 
tagging occurred with binomial pulses used as preparation pulses in pTILT, then the longitudinal 
magnetization of blood would follow Equations (3.1) and (3.2), for (45o, 45o) and (45o, -45o), respectively, 
o(45, 45)
2S ( ) S ( )sinf fπ τΔ = ⋅Δ ⋅                                                     (3.1) 
o(45, 45)
2S ( ) S cos ( )f fπ τ− Δ = ⋅Δ ⋅                                                     (3.2) 
where So is the equilibrium longitudinal magnetization of the blood passing through the tagging plane. 
Performing the subtraction of tag from control signals, the blood flow signal that would be obtained in a 
subsequent imaging acquisition can be modeled by Equation (3.3),  
   oblood (45, 45) (45, 45)S ( ) S ( ) S ( ) S cos(2 )f f f fπ τ−Δ = Δ − Δ = ⋅Δ ⋅                            (3.3) 
 
The parameters used in our simulations were: windowed-sinc 45o RF pulses with time bandwidth 
product (TBW) = 4, RF pulse duration = 1280/2560 μs, RF spacing (τ) = 1480/2960 μs, sampling step = 5 
μs, Δf from -500 to 500 Hz in steps of 10 Hz. Equations (3.1) and (3.2) were then confirmed by curve-
fitting the simulated signal profiles (S(45, 45) and S(45, -45)) of the RF pulse pairs to the sinusoidal expressions 
in these two equations by using the lsqnonlin function in MATLAB (MathWorks, Inc., Natick, MA), 
which solves nonlinear least-squares problems (88,89).  
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(a) Original pTILT (b) Optimized pTILT
TAG
CONTROL
Figure 3.1: (a) Pulse sequences of original pTILT. Above: tag preparation, below: control preparation. 
(b) Pulse sequences of optimized pTILT. Above: tag preparation, below: control preparation. Gray box: 
amplitude-varying gradient spoiler, τ: RF spacing, Φ: phase of RF pulse, ΔΦi: phase manually inserted 
for the ith acquisition of optimized pTILT sequence, i: 1:1:30 
 
3.2.2 Human studies 
The analytical sinusoidal relationship between the off-resonant frequency and its influence on tag 
and control signal profiles provides a means to recover accurate blood flow measures. In the perfusion 
studies at resting state, we propose to manually insert an extra incremental phase offset ΔΦ between the 
first 45o and the second 45o RF pulses. Thus, the signal models of pTILT in the presence of off-resonance 
frequency Δf become Equations (3.4) and (3.5) for tag and control preparations, respectively,  
2
tag ( , ) sin ( )2
π τ ΔΦΔ ΔΦ = ⋅Δ ⋅ + +iiS f A f B                                  (3.4) 
2
control ( , ) cos ( )2
π τ ΔΦΔ ΔΦ = ⋅ Δ ⋅ + +iiS f A f B                                  (3.5) 
where Stag and Scontrol are the measured signals in the imaging slices with pTILT, corresponding to (45o, 
45o) and (45o, -45o) RF pulse pairs, respectively. A is the blood perfusion signal, and B is the static tissue 
signal in the imaging plane. i denotes the ith offset phase as shown in Figure 3.1(b) for the ith repetition 
of tag and control acquisitions. In this work, we use 30 different phase offsets arranged from -180° to 
180° phase.  
 
Since the pTILT acquisition achieves balanced MT effects between control and tag measurements 
and avoids slice profile artifact from static tissue (84), static tissue signal B is cancelled out by subtracting 
tag images from control images. Thus, the perfusion weighted signal follows Equation (3.6). 
CBF( , ) cos(2 )i iS f A fπ τΔ ΔΦ = ⋅Δ ⋅ + ΔΦ                                 (3.6) 
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Thirty cycles of control/tag images were acquired with an incrementally updated offset phase 
(ΔΦi = - π: π/15: π). A RF spacing, τ, of 2960 μs was used in our human studies, thus an off-resonance 
frequency of ± 168.9 Hz will result in ± π offset phase. To extract the perfusion information without off-
resonance influence, i.e. to estimate A, the subtracted images are curve-fitted to the signal model in 
Equation (3.6) in a voxel-by-voxel fashion.  
 
Three subjects (two female and one male, 20-35 years old) were studied on a 3 T Siemens Trio 
scanner (Erlangen, Germany) using a standard body coil transmission and a twelve-channel head array 
receive coil, following a protocol approved by the Institutional Review Board of the University of Illinois 
at Urbana-Champaign. To reduce movement, padding was used to stabilize the subject’s head.  
 
In order to demonstrate the effectiveness of the proposed method, mis-shimming by shifting the 
center frequency by 80 Hz was performed prior to perfusion acquisitions. Both global and localized 
pTILT sequences were carried out for each subject. For global pTILT, the labeling plane was placed at 
the level of ICAs below the convergence of the two VAs. For localized pTILT, the axial labeling plane 
was placed through regions above the orbital frontal cortex. Both original and optimized pTILT were 
applied with the same imaging geometries and acquisition set-ups. The in vivo imaging parameters were: 
field of view (FOV) = 22 cm, imaging matrix size = 64×64, repetition time (TR)/echo time (TE) = 
5000/44 ms, single shot spin-echo echo planar imaging (SE-EPI) readout, imaging slice thickness 6 mm, 
slice gap = 1.2 mm, 5 imaging slices, 30 pairs of tag/control repetitions and acquisition time of each 
pTILT sequence = 5 mins. Slice thickness of labeling plane = 10 mm, concatenated RF pair spacing τ = 
2960 μs, spacing between RF pairs = 30 ms, labeling duration = 3 s, post-labeling delay = 1 s for global 
pTILT and = 0.5 s for localized pTILT, spoiler duration and amplitude = 4000 µs/[±10, ±12, ±14, ±16] 
mT/m. 
 
Magnetic field maps and high-resolution T1-weighted overlay images were acquired at the 
labeling planes of both global and localized pTILT acquisitions. The goal of these measurements was to 
obtain the off-resonance frequencies at the labeled arteries and to provide a comparison with the 
estimated field map from curve fitting. The field map was acquired using a multi-echo gradient echo 
(GRE) sequence with two echo times (10 ms and 12.46 ms). The imaging parameters of the field map 
acquisitions were: FOV = 22 cm, matrix size = 64×64 and slice thickness = 10 mm acquired at the 
labeling plane. The T1-weighted images had a FOV of 22 cm, matrix size of 512×512, and slice thickness 
of 10 mm. The low-resolution field map images were registered to T1-weighted overlay images to 
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determine the off-resonance frequencies of the feeding arteries. The locations of the feeding arteries in the 
T1-weighted images were detected by visual inspection. 
3.2.3 Data Analysis 
The perfusion-weighted images were obtained by pairwise subtraction of the tag images from the 
control images. The subtracted images were then curve-fitted to the signal model by Equation (3.6) in a 
voxel-by-voxel manner.  
 
Perfusion maps in the units of mL/100 g/min were calculated based on Equation (3.7), in which a 
single compartment model and no blood exchange are assumed (66,67): 
( )
, 1, 1, 2,
16000 exp exp
2 λ α
⎛ ⎞ ⎛ ⎞+ ⋅ −Δ= ⋅ ⋅ ⋅⎜ ⎟ ⎜ ⎟⋅ ⋅ ⋅ ⎝ ⎠ ⎝ ⎠
slc
o CSF blood blood blood blood
w T nM TECBF
M T T T
,               (3.7) 
where ΔM is the flow-weighted image, Mo,CSF is the measured intensity of cerebrospinal fluid 
(CSF) in a voxel in the ventricles. λblood, α and w are the water content of blood (0.76 as used in (66)), 
labeling efficiency and post-labeling delay respectively. T1,blood (1680 ms at 3 T) and T2 ,blood (275 ms at 3 
T) are the longitudinal and transversal relaxation rates of blood (68).  Tslc is the EPI readout duration of 
one single slice, and n is the index of acquired slice. 
 
Mean perfusion in gray matter (GM) was calculated for each pTILT acquisition. A GM region of 
interest (ROI) for each subject was obtained in a similar way to previous literature (32), by calculating 
quantitative perfusion maps and applying a threshold for each voxel with CBF ≥ 40 ml/100 g/min. In 
addition, for comparing two different acquisitions, we use an OR operation to combine the GM masks 
from both acquisitions. This eliminates bias between perfusion techniques. One potential drawback to this 
approach for estimating GM perfusion is that the average perfusion might be overestimated. However, our 
goal is to compare the results between acquisition approaches and we will use the same mask in those 
comparisons. 
3.3 RESULTS 
3.3.1 Numerical simulations 
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     (a) 1480 μs
(b) 2960 μs
 
Figure 3.2: Simulated tag (black square line), control (red triangle line) and flow (blue circle line) 
signal profiles as a function of off-resonance frequency (Hz) for (a) RF spacing τ = 1280 μs and (b) 
τ = 2560 μs. The solid lines indicate the fit of the simulated signal profiles to the sinusoidal 
expressions in Equations (3.1)-(3.3). 
The simulated signal profiles of concatenated RF pulses of (45o, ±45o) demonstrate a strict 
periodic sinusoidal shape against Δf as shown in Figure 3.2. Figure 3.2a demonstrates the simulated tag 
(black), control (red), and flow (blue) signal profiles for a RF spacing τ of 1480 μs. The solid lines show 
the curve-fitting results of these profiles to Equations (3.1), (3.2) and (3.3), respectively. Figure 3.2b 
shows the simulation results for an RF spacing of 2960 μs. To evaluate the quality of the fit of the 
sinusoidal profile to the simulated signals, a normalized-root-mean-square difference (NRMSD) metric 
was computed for each fit. The NRMSD is the root-mean-square of the difference between simulated and 
fitted signal profiles over the root-mean-square of the fitted signal profile. NRMSDs of all fittings in our 
simulations were smaller than 0.05. The simulation and curve-fitting results confirm that Equations (3.1)-
(3.3) accurately describe the tag/control behaviors in pTILT.  
 
3.3.2 Human studies 
Figure 3.3 shows the location of the ICAs and VAs, along with the magnetic field map at the labeling 
plane for global pTILT. Figures 3.4a and b show the CBF maps in the units of mL/100 g/min acquired 
with the original global pTILT and optimized global pTILT techniques, respectively. The measured 
average flow in the gray matter ROI of all three subjects is 20.6±9.4 mL/100 g/min with original global 
pTILT and 66.2 ±6.6 mL/100 g/min with optimized global pTILT. The measures for each subject are 
listed in Table 3.1. Accounting for the magnetic field inhomogeneity resulted in a 68.9% increase in the 
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Figure 3.3: (a) T1-weighted overlay image of the labeling plane in global pTILT. The blue 
arrows indicate left and right ICAs and the red arrows indicate the VAs. (b) The measured 
magnetic field map in Hz using a multi-echo GRE sequence at the labeling plane of (a). 
 
 
 
Figure 3.4: The CBF maps in the unit of mL/100 g/min acquired with original global pTILT. (b) 
The CBF maps obtained with optimized global pTILT. (c) The left perfusion territory separated 
by the mask of the estimated field map (Δf) > 84 Hz. (d) The right perfusion territory separated 
by the mask of Δf ≤ 84 Hz. (e) The estimated magnetic field map in Hz with optimized global 
pTILT. 
estimated blood flow signal by using the proposed correction method. We used a combination of the 
masks (≥40 ml/100 g/min) from CBF maps of both optimized pTILT and original pTILT, combining the 
masks with an OR operation within each subject data. 
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Figures 3.5a and b show an example of T1-weighted overlay images and measured field maps at 
the labeling plane for localized pTILT, respectively. The clusters of arterial branches of the anterior 
cerebral artery (ACA) and middle cerebral artery (MCA) are indicated by arrows. The field map of the 
labeling plane for localized pTILT is much smoother and more homogenous than that of the global pTILT. 
However, it is noticeable that close to the orbital frontal cortex region, where the branches of ACA locate, 
a significant magnetic field inhomogeneity effect shows up (Figure 3.5b). 
 
For the subject data in Figures 3.3 and 3.4, the estimated field maps (∆f) according to the model 
of Equation (3.6) from each imaging slice are shown in Figure 3.4e. The estimated field maps of the 
labeling plane are consistent among different slices. The mean off-resonance frequency is 102.6 Hz over 
the GM ROI in the left hemisphere and 60.2 Hz over the GM ROI in the right hemisphere, in agreement 
with the off-resonance frequencies of the ICAs from the measured magnetic field maps (115.9 Hz at left 
ICA and 75.5 Hz at right ICA). To demonstrate that the frequency of the blood at the tagging plane is 
what is being measured with pTILT, we can split the perfusion territories of left and right ICAs by using 
the estimated field map values to distinguish flows from either artery. The left (Figure 3.4c) and right 
(Figure 3.4d) vascular perfusion territories were masked out by ∆f  > 84 Hz and ∆f  ≤ 84 Hz, respectively. 
The separation frequency of 84 Hz was arbitrarily chosen as it is the inversion point of the perfusion 
curve fitting, i.e. 1/2τ. Alternatively, a frequency half-way between the two ICA’s could have been used. 
 
Table 3.1: The comparison of perfusion (mL/100 g/min) measurements between original and optimized 
pTILT. 
 Subj 1 Subj 2 Subj 3 Mean SD 
Global pTILT 
original 30.2 20.0 11.5  20.6 9.4 
optimized 68.8 71.2 58.7  66.2 6.6 
Localized pTILT 
original 22.4 29.5 21.1  24.4 4.5 
optimized 71.2 73.8 63.2  69.4 5.5 
 
Figures 3.6a and b are the CBF maps measured with original localized pTILT and optimized 
localized pTILT, respectively. The measured mean flow in the GM ROI of all three subjects is 24.4±4.5 
mL/100 g/min with original localized pTILT, and 69.4±5.5 mL/100 g/min with optimized localized 
pTILT (Table 3.1), providing a 64.8% increase in blood flow signal with our correction method. 
 
The estimated field maps of the labeling plane of localized pTILT from each imaging slice are 
shown in Figure 3.6e. The estimated off-resonance field maps are consistent among different slices. The 
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Figure 3.5: (a) T1-weighted overlay image of the labeling plane in localized pTILT. The blue 
arrows indicate the MCA branches and the red arrows indicate the ACA branches. (b) The 
measured magnetic field map in Hz using a multi-echo GRE sequence at the labeling plane of (a).
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Figure 3.6: (a) The CBF maps in the unit of mL/100 g/min acquired with original localized 
pTILT. (b) The CBF maps obtained with optimized localized pTILT. (c) The ACA perfusion 
territory separated by the mask of the estimated field map (Δf) > 84 Hz. (d) The MCA perfusion 
territory separated by the mask of Δf ≤ 84 Hz. (e) The estimated magnetic field map in Hz with 
optimized localized pTILT. 
obtained mean off-resonance frequency is 114.1 Hz for the ACA branches and 63.7 Hz for the MCA 
branches, in agreement with the values from the acquired magnetic field maps at the labeling plane, i.e., 
135.4 Hz at ACA branches and 78.2 Hz at MCA branches. Note that the ACA (Figure 3.6c) and MCA 
(Figure 3.6d) perfusion regions can be separated by the masks of ∆f  > 84 Hz and ∆f  ≤ 84 Hz, 
respectively. 
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3.4 DISCUSSIONS 
The original pTILT technique was observed to be vulnerable to off-resonance artifacts because of 
the use of concatenated RF pulses. As expected from binomial RF pulse behavior, the simulation results 
in Figure 3.2 demonstrate that the period of the labeling efficiency as a function of off-resonance 
frequency is inversely proportional to the RF spacing τ. Therefore, theoretically, it’s better to apply 
concatenated RF pulses with shorter duration and shorter RF spacing, since that will make them less 
sensitive to off-resonance effects. However, for a specific RF pulse whose time bandwidth product is 
fixed, implementation of shorter RF duration induces larger bandwidth and thus higher required 
amplitude of slice selective gradient for the same labeling slice thickness. Due to the particular pairing of 
gradients used by the concatenated RF pulses in pTILT, that is, the second gradient has opposite polarity 
compared to the first gradient, the fast switching of gradients with high amplitude could cause nerve 
stimulation or eddy-current effects. This introduces a necessity to choose moderate bandwidth RF pulses 
with moderate duration. In our studies, a RF pulse with TBW of 4 and duration of 2560 μs was 
implemented.  
 
In addition to optimizing the perfusion imaging of pTILT by restoring the signal loss due to off-
resonance artifacts, the correction method proposed in this work also suggests a potential novel method 
for regional perfusion imaging. Perfusion territories are potentially separated by manipulating the 
magnetic field map of the labeling slice manually and inducing detectable field variations among feeding 
arteries. For example, as shown in Figures 3.4c and d, the left and right vascular territories are 
successfully separated according to the estimated field maps. In Figures 3.6c and d, the vascular territories 
of ACA and MCA are separated based on the field map difference of the ACA and MCA branches in the 
labeling plane. 
 
One of the drawbacks of the current method is the time-consuming curve-fitting process, which 
requires a per-voxel fit to the nonlinear signal model. Currently, for a single slice of the imaging volume 
with a matrix size of 64×64, it takes around 5 mins for the post-processing on a standard PC. The signal 
demodulation method proposed in (90) could be a possible solution to accelerate the curve-fitting process 
for optimized pTILT. 
 
The use of concatenated RF pulses resulted in sensitivity to magnetic field inhomogeneity for 
pTILT.  This is not unique to pTILT nor is the solution restricted to this ASL technique. There are two 
other blood flow imaging techniques which can benefit from the proposed method as well. The first one is 
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Transfer Insensitive Labeling Technique (TILT), which is used as a pulsed ASL approach (61). In TILT, 
single pair of concatenated 90o RF pulses is applied to a thick (>50 mm) labeling slab for inversion. The 
other technique is quantitative Flow-ENhancement of Signal Intensity (qFENSI), in which a thin labeling 
plane (3 mm) is placed in the middle of the thick imaging slice (20 mm) for repetitive tagging (76,82,91). 
Nevertheless, the correction method for off-resonance artifacts proposed in this work may not work for 
these two techniques as well as for pTILT, due to significant blood mixing effects. The brain tissue in an 
imaging voxel may be fed by more than one artery, as in TILT, or arteriole, as in qFENSI, with different 
off-resonance frequencies. Thus, the signal model of Equation (3.6) may not hold as well for TILT and 
qFENSI. Blood mixing could be problematic for optimized global pTILT as well in some of the posterior 
regions, if the off-resonance frequencies of VAs are very different from those of ICAs. In our human 
studies, the imaging slices were all placed above the posterior regions to avoid this effect.  
 
pCASL methods based on adiabatic RF pulses have been reported to be vulnerable to off-
resonance artifacts as well (35). Different correction approaches have been proposed to improve the 
perfusion measurement with pCASL (92-95), In multi-phase pCASL (MP PCASL), four or eight different 
phases were manually added to the discrete RF pulses in the pCASL sequence and the subtracted 
perfusion-weighted images were then curve-fitted to the signal model of pCASL as a function of offset 
phase in a voxel-by-voxel fashion (92). By comparing MP PCASL and optimized pTILT, there are two 
main differences. First, the signal model of pTILT strictly follows a sinusoidal shape and has an analytical 
model as indicated by Equation (3.6). In MP PCASL, the signal model has no analytical expression and 
only approximately follows a sinusoidal profile. Second, in the MP PCASL method, the flow signal was 
modeled as a function of offset phase, which in addition to the magnetic field variation influence, also 
includes other effects that could cause phase variations such as the nonlinearity of gradients (90,92). In 
optimized pTILT, only the main field inhomogeneity was considered and the resulting signal model was 
only a function of off-resonance frequency. Future work to incorporate additional effects in the signal 
model for pTILT may result in further improvements in both accuracy and signal-to-noise ratio of the 
measured perfusion signal. Nevertheless, we do note that the gradient imperfections in localized pTILT 
should be lower than those in global pTILT or pCASL, as the labeling plane of localized pTILT is usually 
placed much closer to the gradient isocenter.  
 
The estimated field map from the model in Equation (3.6) is an important physical parameter and 
may be useful for distinguishing vascular territories. In addition, the estimated field map can serve as a 
quality control measure, providing a convenient quick check to evaluate the consistency between the 
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estimated and measured field maps. Agreement between these two measures provides confidence in the 
quality of the acquisition and curve fitting for a particular data set. 
3.5 CONCLUSION 
Perfusion techniques that use concatenated RF pulses are sensitive to magnetic field 
inhomogeneities due to the time spacing between the paired RF pulses. The original pTILT imaging 
technique was observed to be vulnerable to off-resonance artifacts due to the implementation of 
concatenated RF pulses, resulting in reduction of labeling efficiency, experimental SNR, and limited 
accuracy of perfusion when tagging was performed in regions with large magnetic field offsets. In this 
Chapter, we introduced a modified acquisition and flow estimation method to obtain accurate perfusion 
quantification in the presence of significant magnetic field inhomogeneity.  The results of our human 
studies demonstrate the effectiveness of the optimized pTILT sequence in providing robust perfusion 
measurements.  
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4 CHAPTER IV  
REGIONAL PERFUSION IMAGING USING PTILT 
 
 
 
 
 
In the last chapter, we saw that perfusion domains were accessible with pTILT by differentiating 
the field map at different tagging vessels. In this chapter, we examine the intentional tagging of vessels to 
obtain vessel-specific perfusion domains, called regional perfusion imaging (RPI). pTILT is a saturation-
based ASL technique that allows tagging to be performed in slower flowing blood, close to the imaging 
volume. In this work, the pTILT labeling procedure was modified to achieve regional perfusion imaging 
by two different approaches adapted from the literature: 1) vessel-encoded pTILT, which allows for 
distinguishing two or more vascular territories simultaneously by encoding each target artery uniquely; 2) 
vessel-selective pTILT, which effectively labels a disk around a target artery and can be used for single-
artery selective labeling. As pTILT employs non-adiabatic radiofrequency (RF) pulses for tagging and 
provides nearly uniform labeling efficiency for flowing spins from 30 cm/s and slower, vessel separation 
is possible at branches close to the imaging tissue without losing significant labeling efficiency. In 
addition, due to this uniform sensitivity, the labeling patterns and efficiency for RPI-pTILT sequences can 
be measured in a static phantom. The selectivity and efficiency of labeling was investigated in a phantom 
scan. In addition, we demonstrated the ability of the pTILT sequence to separate perfusion territories at 
two levels of the arterial tree in vivo: 1) the left and right internal carotid arteries and 2) individual 
vascular territories of arteries above the circle of Willis (anterior cerebral artery, left and right middle 
cerebral arteries). 
4.1 INTRODUCTION 
Regional perfusion imaging (RPI) based on arterial spin labeling (ASL) techniques provides the 
ability to delineate the perfusion territories of major cerebral arteries non-invasively. This provides 
complementary information to angiography on the status of blood flow in different regions of the arterial 
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tree. RPI can be a very useful tool in the clinic to investigate a number of cerebrovascular disorders or 
diseases, such as occlusion in internal carotid arteries (ICA) (96,97), arteriovenous malformations (98), 
and collateral flow between major arteries (63). 
 
Currently, several ASL techniques have been proposed for measuring individual perfusion 
territories. The general principle of these RPI techniques is to effectively tag only arterial spins flowing 
through the artery or arteries of interests, while avoiding the tagging of spins in other arteries. For 
example, surface neck radiofrequency (RF) coils have been used to separate vascular territories of 
common carotid arteries by placing the labeling coil over the target artery (78,99,100). Other techniques 
such as two-dimensional inversion RF pulses (101), oblique (63) and rotating tagging planes (102) have 
been employed in pulsed ASL or continuous ASL sequences to achieve artery-selective tagging. More 
recently, pseudo-continuous arterial spin labeling (pCASL) sequences (35) have been modified to map 
vascular territories of major cerebral feeding arteries. In these RPI-pCASL approaches, additional in-
plane gradients are applied in the gaps between the discrete RF pulses to modulate the phases of flowing 
spins in different vessels in the labeling plane (33,103,104). Based on different phase modulations, the 
separation of perfusion territories of feeding arteries can be achieved either by selectively labeling each 
artery sequentially (103,104), or encoding two or more vessels simultaneously (33).  
 
Pseudo-continuous transfer insensitive labeling technique (pTILT) has been developed as a 
saturation-based pseudo-continuous ASL approach (91,105).  In pTILT, concatenated (45o, ±45o) RF 
pulse pairs were repetitively carried out in the labeling plane to reach the pseudo-continuous 
labeling/controlling status. In this work, we modify the original pTILT sequence to allow for regional 
perfusion imaging in two ways that are similar to RPI-pCASL techniques (33,103,104) : 1) vessel-
encoded pTILT (VE-pTILT), which induces a π phase difference to two target arteries within the labeling 
plane by adding in-plane gradients between the two concatenated 45o RF pulses (33); 2) vessel-selective 
pTILT (VS-pTILT), which rotates the saturation profile of (45o, 45o) around the single vessel of interest 
by using amplitude-changing in-plane gradients (102-104).  
 
These two labeling strategies have been implemented in RPI-pCASL sequences and provided 
good signal-to-noise ratio (SNR) for flow imaging as well as good vessel selectivity. The use of pTILT 
for the ASL encoding for these two RPI modules is beneficial in three aspects:  First, the measured 
specific absorption rate (SAR) levels of the 3 T pTILT sequences are low, because the RF duty cycle of 
the pTILT sequence is as short as 17.1% (91) and the duration of 45° pulses is relative long (2560 μs). In 
contrast, for pCASL, a long train of RF pulses usually with short duration (~ 500 μs) and ≥ 50% duty 
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cycle induce high RF power deposition, which may become one of the major challenges for these 
approaches at high magnetic field strengths (33,35).  Second, pCASL mimics the flow-driven adiabatic 
inversion, which generates high tagging efficiency for fast flow but relatively low efficiency for slow 
flow (35,91). Thus, currently used RPI-pCASL sequences may suffer loss of sensitivity when visualizing 
perfusion territories of small arterial branches with slowly flowing spins (<10 cm/s) (35,104). In contrast, 
pTILT employs non-adiabatic RF pulses for tagging, therefore, it provides nearly uniform labeling 
efficiency for flowing spins with velocities from 30 cm/s and slower (91). Lastly, with the sensitivity to 
slow and fast flowing spins, the labeling pattern and labeling efficiency of these two RPI-pTILT 
sequences can be explored in a static phantom or verified in static tissues of the imaging participant.  
 
In the rest of the paper, the implementation of these two RPI techniques with pTILT is described. 
Then the performance of the tagging modules is demonstrated on a static phantom. Finally, in vivo results 
are given where VE-pTILT was used to label flowing spins at the level of the neck to separate the 
vascular territories of the left and right internal carotid arteries (ICA), while VS-pTILT was employed to 
selectively label individual arteries above the circle of Willis (COW) and to acquire perfusion maps of the 
anterior cerebral artery (ACA), left and right middle cerebral arteries (MCA). 
4.2 MATERIALS AND METHODS 
4.2.1 MR pulse sequences and labeling geometries 
First we describe the encoding modules of the vessel-encoded (VE-pTILT) and the vessel-
selective (VS-pTILT) sequences. Then we describe the experiments that were performed. 
4.2.1.1 Vessel-encoded pTILT(VE-pTILT) 
The labeling geometry and the MR pulse sequence of the VE-pTILT approach are shown in 
Figure 4.1a and b, respectively. The employment of an in-plane gradient between the two concatenated 
45o RF pulses creates a spatial phase distribution across the tagging plane along the gradient direction, 
similar to a grid-tagging SPAMM sequence (106-108). As shown in Figure 4.1a, in order to separate the 
vascular territory of the left ICA from that of the right ICA, an in-plane gradient Gx was added and tuned 
to create a phase difference of π radians between these two arteries. This phase difference makes the 
tagging pulse for one artery equivalent to the control pulse for the other, and vice versa. The criterion to 
set the amplitude and duration of Gx is described by Equation (4.1),  
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Figure 4.1: (a) An example of the labeling geometry of vessel-encoded pTILT. (x1, y1) and (x2, y2) 
are the projection distances of the right and left ICAs to the isocenter, respectively. The yellow-red 
shaded box indicates the phase distribution across the labeling plane created by the in-plane gradient 
Gx. A phase of ΔΦ is accumulated at the right ICA and ΔΦ +π at the left ICA. (b) The pulse 
sequence of vessel-encoded pTILT. Solid line in RF denotes (45o, 45o) for the tag session, and dash 
line (45o, -45o) for the control session. The blue striped boxes indicate amplitude-changing gradient 
spoilers in three directions. Tps (30 ms) is the tagging repetition spacing. 
 
 
 
Figure 4.2:  (a) An example of the labeling geometry of vessel-selective pTILT. The green circle 
stands for the selected artery. (x, y) are the projection distances of the target vessel to the isocenter 
along the Gx and Gy directions, respectively. The yellow-red shaded boxes depict the rotating phase 
modulations across the labeling plane created by the amplitude-varying in-plane gradients of Gx and 
Gy. A phase of ΔΦi is created at the target artery for the ith pair of concatenated (45o, ±45o) RF 
pulses. (b) The pulse sequence of vessel-selective pTILT. The striped triangles stand for the 
amplitude-varying tagging gradients of Gx and Gy. 
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1 2 G( ) xt x x πγ −Δ ⋅ ⋅ =                                                     (4.1) 
in which γ is the gyromagnetic ratio, Δt is the duration of the in-plane gradient, Gx is the 
amplitude of the inserted gradient, x1,2 are the projection distances from the target vessels to the isocenter 
along the gradient direction. 
 
Equation (4.1) shows that the in-plane gradient Gx creates a phase shift of π between the right and 
the left ICAs. Assume that Gx creates a phase ΔΦ at the right ICA (Figure 4.1a), then, for the tag 
preparation, the second 45o pulse of all the concatenated RF pairs in the VE-pTILT sequence is updated 
with an extra phase of ΔΦ to place the right ICA in a tag condition, while the left ICA in a control 
condition (Figure 4.1b). In other words, the right ICA experiences coherent (45o, 45o) RF pulse pairs, 
while the left ICA experiences incoherent (45o, -45o) pairs, and vice versa for the control preparation.  
 
Perfusion-weighted images obtained with VE-pTILT contain information on vascular territories 
of both the left and right ICAs. The right perfusion territory (RICA) can be calculated by multiplying the 
acquired cerebral blood flow (CBF) weighted maps with a binary mask of CBF > 0, while the left 
perfusion territory (LICA) can be obtained by multiplying the negative of the calculated CBF map with a 
binary mask of CBF < 0. If the acquired imaging volume does not cover the posterior perfusion region, 
the left and right RPI maps can be calculated by Equation (4.2): 
 
RICA (CBF) (CBF 0)
LICA (CBF) (CBF 0)
abs
abs
= ⋅ >
= ⋅ <                                               (4.2)  
4.2.1.2  Vessel-selective pTILT (VS-pTILT) 
When more than two vessels must be separated, a more complex gradient pattern must be played 
out to separate the vessels. Similar to the method proposed by Werner et al. (102), amplitude-varying in-
plane gradients are added between the two concatenated 45o RF pulses to create a rotating phase 
distribution across the labeling plane and to spoil the labeling of unselected feeding arteries (Figure 4.2). 
The inserted in-plane gradients Gx and Gy are rotated for sequential applications of the tagging module 
which consists of (45o, ±45o) RF pulses with the in-plane tagging gradient between them and a spoiler 
gradient after them. For the ith application of the RF pair in the saturation module, the tagging gradient 
used is described in Equations (4.3) and (4.4):  
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o oG G cos( ), G G sin( )xi yii iθ θ= Δ = Δ                                         (4.3) 
(G G )i xi yit x yγΔΦ = Δ ⋅ + ,                                                   (4.4) 
where Go is the fixed magnitude of the in-plane gradient. i is the index of the RF pulse pair and indicates 
the gradient to be applied between the (45o, ±45o) RF pulse pairs in the VS-pTILT sequence, and Δθ is the 
rotation angle of the gradient axis for Go between two consecutive RF pulse pairs. As computed by 
Equation (4.4), for the ith pair of the concatenated (45o, ±45o) RF pulses, gradients Gxi and Gyi create a 
phase shift of ΔΦi at the target artery with coordinates of (x, y). In order to keep the pairs of 45° pulses 
coherently adding, the second 45o RF pulse is incremented in phase relative to the first one by an extra 
phase of ΔΦi (Figure 4.2). In this way, the two 45o RF pulses keep in phase at and only at the target vessel 
and only the target artery is labeled properly, while the labeling at undesired arteries will not be coherent. 
The rotating in-plane gradients will selectively label a disk around the target artery and the diameter of 
the effective labeling disk was observed to decrease with the gradient Go (102-104). The rotating phase 
distributions in the labeling plane are illustrated in Figure 4.2a. 
4.2.2 Phantom studies 
A static phantom was constructed using a 2% agar gel to examine the labeling pattern and 
labeling efficiency at the tagging plane with the VE-pTILT and VS-pTILT sequences. The same 10 mm 
slice was utilized as both the tagging plane and imaging slice to visualize the tagging pattern. The 
imaging and tagging parameters used for the phantom studies were as follows: windowed-sinc 45o RF 
pulses with 2560 μs-duration, in-plane tagging gradient duration = 500 μs, number of concatenated RF 
pulse pairs = 100 (i.e., i = 1:1:100), spacing of sequential RF pairs (Tps in Figures 4.1 and 4.2) = 30 ms, 
gradient spoiler duration and amplitude (blue striped boxes in Figures 4.1 and 4.2) = 4000 µs/[±10, ±12, 
±14, ±16] mT/m, spin-echo echo-planar imaging (SE-EPI) readout, TR/TE = 5000/44 ms, single 
transverse imaging and labeling slice, slice thickness = 10 mm, field of view (FOV) = 220×220 mm, scan 
matrix size = 64×64, 5 tag and 5 control repetitions. In VE-pTILT, the predefined distance (x2-x1) 
between the two target vessels was set to 20 mm along the Gx direction. In VS-pTILT, a gradient 
amplitude (Go) of 0.5 mT/m and a rotation rate (Δθ) of 11o were implemented, which were parameters 
recommended in previous studies (102-104) for vessel-selective labeling. 
4.2.3 In vivo studies 
Four healthy subjects (20-35 years old) were studied on a clinical 3 T Siemens Trio scanner 
(Erlangen, Germany) using standard body coil transmission and twelve-channel head array receive coil, 
following a protocol approved by the Institutional Review Board of the University of Illinois at Urbana-
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Champaign. In our human studies, VE-pTILT was used to label at the level of the neck and to separate the 
left and right perfusion territories of the ICA, while VS-pTILT was applied for three-vessel separation 
with a labeling plane above the circle of Willis, i.e., to selectively label the arterial branches of anterior 
cerebral artery (ACA), left and right middle cerebral arteries (MCA) and to acquire their perfusion 
territories sequentially.  
 
To plan the tagging position and to locate the coordinates of target vessels, we acquired 10 
transverse slices of 3 mm thickness with a 2D FLASH sequence at the level of tagging. The cross-sections 
of vessels were easy to distinguish by their much higher intensities than that of static tissue. The prescan 
FLASH sequence took 40 seconds. The numerical coordinates of the target vessels were then input into 
the sequence as user parameter variables.  
 
The imaging and tagging parameters in in vivo studies were: windowed-sinc 45o RF pulses with 
2560 μs-duration, in-plane gradient duration = 500 μs, tagging repetition spacing (Tps) = 30 ms, number 
of concatenated RF pulse pairs = 100, tagging duration = 3 s, postlabeling delay = 1 s,  tagging slice 
thickness = 10 mm, gradient spoiler duration and amplitude = 4000 μs/[±10, ±12, ±14, ±16] mT/m, SE-
EPI readout, FOV = 220×220 mm, scan matrix size = 64×64, TR/TE = 5000/44 ms, 5 axial imaging slices 
acquired at the top and above the corpus callosum, slice thickness = 6 mm, slice gap = 1.2 mm, 30 control 
and 30 tag repetitions, scan time of one acquisition = 5 minutes, Go = 0.5 mT/m,  Δθ = 11o. For all the 
subjects, the SAR level with all RPI-pTILT acquisitions never exceeded 20% of the limit determined by 
the manufacture’s power supervision. 
 
The perfusion-weighted images were processed by subtracting the tag magnitude images from the 
control images for each image pair and then averaged to obtain the mean flow maps. For VE-pTILT, the 
subtracted mean images were then post-processed according to Equations (4.2) to extract the left and right 
perfusion regions. The regional CBF maps were calculated based on the one compartmental model as in 
the original pTILT paper (91), and then divided by the ratio between the labeling efficiency of the RPI-
pTILT sequence and that of the non-RPI pTILT sequence, which was obtained from the phantom study. 
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4.3 RESULTS 
4.3.1 Phantom studies 
Figure 4.3a-c shows a typical image set with VE-pTILT normalized by the control image of the 
original, non-RPI pTILT sequence. The tag (Figure 4.3b) and control (Figure 4.3a) images in the tagging 
plane demonstrate a similar excitation pattern to that by a spatial modulation of magnetization (SPAMM) 
sequence using (1, ±1) binomial pulses (106-108). The positively-encoded vessel, i.e., the vessel that 
experiences coherent (45o, 45o) RF pulse pairs in the tag preparation (green dot as shown in Figure 4.3a), 
is in the bright band in the control image (Figure 4.3a) but displays an intensity near zero in the tag image 
(Figure 4.3b), while for the negatively-encoded vessel, i.e., the vessel with π-radian phase shift (red dot in 
Figure 4.3a), the effective control and tag acquisitions are swapped and the flow-weighted image after 
subtraction shows negative intensity (Figure 4.3c). Figure 4.3d shows the image intensity along the blue-
dash line in the subtracted image (Figure 4.3c). Compared to the non-RPI pTILT sequence, a relative 
mean labeling efficiency of 0.92 was measured at the target vessels using VE-pTILT.  
 
Note that the bright and the black bands were expected to be straight along the vertical direction 
of the in-plane gradient in the tagging plane. The bending and diluting effects shown in Figure 4.3a-c 
were probably caused by the magnetic field inhomogeneity, which was observed to be stronger near the 
interface between the agar gel phantom and the air. 
 
Figure 4.3e-g show the labeling patterns by VS-pTILT. A small disk centered at the target vessel 
(red dot) was selectively tagged. Figure 4.3h shows the image intensity along the blue-dash line in the 
subtracted image in Figure 4.3g. A relative labeling efficiency of 0.88 at the target vessel and a full-
width-at-half-maximum (FWHM) of 1.8 cm were measured, indicating that two arteries can be separated 
using VS-pTILT with a distance separating them that is larger than 1.8 cm. 
4.3.2 Human studies 
Results from the VE-pTILT study in four healthy subjects are presented in Figure 4.4. One slice 
of each subject data is shown here. The vessel-encoded flow images clearly show delineated perfusion 
territories of the left (Figure 4.4b) and right (Figure 4.4c) ICAs, without significant contaminations from 
each other. Figure 4.4a is the color-encoded perfusion maps of these two vessels. The total acquisition 
time was 5 minutes for VE-pTILT to obtain both these two perfusion territories. 
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Figure 4.5 shows an example of three-vessel separation using VS-pTILT above the circle of 
Willis. In this example, three vascular territories, anterior cerebral artery (ACA), left middle cerebral 
artery (MCA) and right MCA, are mapped sequentially using selective labeling by VS-pTILT. Their 
perfusion maps are shown in Figure 4.5b, c and d, respectively. Figure 4.5a is the RGB-encoded perfusion 
map of the three vessels. The acquisition time for each artery was 5 minutes, resulting a total scan time of 
15 minutes for three-vessel acquisition. 
            
Figure 4.3: Normalized labeling patterns in the labeling plane using vessel-encoding pTILT in 
control (a), tag (b) and subtraction (c) images. (d) Image intensity along the blue-dash line in 
(c). The red and green dots stand for the target arteries in vessel-encoding pTILT. A relative 
labeling efficiency of 0.93 was measured compared to the non-RPI pTILT sequence. Labeling 
patterns using vessel-selective pTILT in control (e), tag (f) and subtraction (g) images. (h) 
Image intensity along the blue dash line in (g). The red dot denotes the selected single artery 
in vessel-selective pTILT. The relative labeling efficiency at the target artery was 0.88 
compared to non-RPI pTILT sequence and the FWHM of the peak was 1.8 cm.  
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Figure 4.4: Regional perfusion maps of left and right ICAs separated using vessel-encoding 
pTILT in four healthy subjects. (a) Color-encoded left (red) and right (green) perfusion territories. 
Individual perfusion territories of left (b) and right ICA (c). The unit of the color bar is mL/100 
g/min. 
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Figure 4.5: An example of regional perfusion maps above the circle of Willis separated using 
vessel-selective pTILT. (a) RGB-encoded perfusion images of anterior cerebral artery (ACA) 
(blue), left middle cerebral artery (MCA) (red) and right MCA (green). (b) Individual perfusion 
territories of ACA (b), left MCA(c) and right MCA (d). The unit of the color bar is mL/100 g/min. 
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4.4 DISCUSSIONS 
 In this work, we demonstrated that a modification of the original pTILT sequence allows for 
regional perfusion imaging by adding an in-plane gradient between the two concatenated 45o RF pulses. 
Based on different modifications, two RPI-pTILT sequences were developed, 1) vessel-encoded pTILT, 
which encodes two or more target vessels simultaneously and 2) vessel-selective pTILT, which 
selectively labels a disk around a single target vessel. These RPI modifications based on the original 
pTILT sequence are similar to those that have been previously used in vessel-encoded pCASL (33) and 
vessel-selective pCASL (103,104). However, the RPI-pTILT sequences are capable of generating low RF 
power deposition at high magnetic field, as we chose relatively long RF pulses (2.56 ms) with a flip angle 
of 45o, and the RF pulse pairs implemented in the sequence were spaced by 30 ms, resulting an effective 
duty cycle of 17.1%, much shorter than that by RPI-pCASL methods. In addition to the power deposition 
benefits, since RPI-pTILT uses non-adiabatic RF pulses for tagging, it has good sensitivity to both slow 
and fast flows, potentially enabling RPI-pTILT sequences to map perfusion territories of small arterial 
branches with slowly flowing spins. Another  benefit of RPI-pTILT techniques is that it is convenient to 
examine the tagging pattern and tagging efficiency in static phantoms or in vivo by examining the tagging 
plane, due to the nearly uniform efficiency in tagging flows from 0- 30 cm/s (91), as shown in Figure 4.3. 
 
In the VE-pTILT studies carried out in this work, the imaging slices acquired were placed above 
the corpus callosum to avoid the posterior perfusion region and only the feasibility of separating two 
vessels was demonstrated. In fact, due to the similarity in tagging geometries with other vessel-encoded 
ASL techniques, the VE-pTILT sequence can be implemented to encode more than two vessels of interest 
using either Hadamard-type encoding (33,109) or the general framework for vessel-encoded ASL analysis 
based on Bayesian classifications (110). 
 
Compared to VS-pTILT, VE-pTILT is potentially more SNR efficient, since multiple arteries can 
be labeled simultaneously in VE-pTILT. In human studies, data acquisition was 5 minutes for VE-pTILT 
to separate vascular territories of two vessels, while VS-pTILT included 15 minutes of acquisition to map 
three perfusion regions. We used 5 minutes of acquisition for each labeled artery, although shorter times 
are possible with a loss in SNR. In terms of ease-of-use, VE-pTILT requires geometric prescriptions of all 
the vessels of interest as input to prepare the sequence. In addition, to extract perfusion territories of more 
than two arteries, vessel-encoded ASL methods involve complicated post-processing steps as discussed in 
(33) and (110). In contrast, VS-pTILT is a simple and straightforward approach, which only needs the 
coordinate of the single target vessel as prior information and it serially encodes the perfusion territory of 
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one vessel at a time. The selectivity, i.e., one over the size of the labeled disk in VS-pTILT, is dependent 
on the gradient Go. In our phantom studies, the selectivity increases with the gradient amplitude of Go for 
a fixed duration, however, the labeling efficiency decreases with Go. These observations from our 
phantom studies were in good agreement with previous reports by the vessel-selective ASL methods 
(103,104). 
 
Absolute CBF quantification of the RPI flow images is desired. The pTILT based RPI acquisition 
is able to obtain a tagging profile map by focusing on static spins in the tagging plane. However, slight 
imperfections of the labeling position, such as due to a small movement of the subject, will induce 
substantial effects of mislabeling in the tagging plane. In addition to proper placement, the efficiency of 
pTILT was reported to be sensitive to magnetic field inhomogeneity artifacts (61,62,91). Recently, an 
acquisition method was proposed to sample a range of off-resonant frequencies to eliminate inaccuracies 
in perfusion estimates due to magnetic field inhomogeneities and described in Chapter III (76). Adaption 
of the off-resonant correction for concatenated RF pulse pairs may improve the accuracy of the measured 
flow maps.  
4.5 CONCLUSION 
In conclusion, we have demonstrated the implementation of quantitative regional perfusion 
imaging in the pTILT pCASL acquisition. This offers several specific advantages, including low RF 
power deposition, high sensitivity to slower flowing blood for tagging branches further down the arterial 
tree, and the ability to visualize the tag profile in static spins. 
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5 CHAPTER V 
AGING-ASSOCIATED REDUCTIONS IN CEREBRAL 
BLOOD FLOW USING PTILT 
 
 
 
 
 
In this Chapter, an aging study is presented by using the pTILT technique as previously described 
in Chapter II. In this aging study, pTILT was utilized to measure and quantify the cerebral blood flow 
(CBF) in 51 cognitively and physically healthy elderly adults, aged 55-87 years. Our results demonstrate 
that pTILT has good sensitivity to detect age-related reductions in cortical perfusion. 
5.1 Introduction 
Cerebral blood flow (CBF), or perfusion, typically defined as the volume of blood delivered to 
the microvasculature supplying a unit volume of brain tissue in a unit time, is a key physiological and 
clinical indicator of brain health. Normal aging is accompanied by a number of cognitive and 
physiological changes, including decline in resting CBF.  
 
A handful of studies have investigated and proved this relationship between CBF and aging. In 
(11), research using the technique of continuous arterial spin labeling (CASL) reported a significant 
decrease in gray-matter perfusion with increasing age, at a rate around 0.45% per year. This study also 
found that the gray-matter age-related CBF declines were predominantly localized in the frontal cortex, 
which is an essential part of the network supporting working memory and executive function. In (16), the 
phase contrast MRI technique was used to provide global CBF by measuring arterial blood flow rate at 
carotid and basilar arteries. In this study, the predictive power of the global CBF was investigated on 
performance of different cognitive tasks assessing fluid intelligence, information-processing speed, 
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memory and executive function in older adults. They found that global CBF negatively predicted 
performance on eight of the tests and accounted for up to 36% of the age-associated variance in the speed 
scores and thus, it was concluded that CBF is a sensitive marker for neurophysiologic changes underlying 
processing speed. The recent work in (111) demonstrated 1) the mean CBF across the entire cortex was 
negatively correlated with age with a slope of 0.38% per year using pulsed arterial spin labeling (PASL), 
2) regions of CBF reduction are largely distinct from those most burdened by grey-matter atrophy, 
suggesting that age-associated reductions in CBF are independent from regional atrophy, and 3) the age-
related CBF declines were most significant in regions usually associated with higher resting metabolism.   
 
In this work, we examine the effects of normal adult aging on CBF using the advanced pseudo-
continuous arterial spin labeling technique of pTILT developed in Chapter II. We will focus on the 
assessment of the overall gray-matter perfusion changes with increasing age in cognitively healthy older 
adults. 
5.2 Materials and Methods  
5.2.1 Participants  
Fifty one cognitively healthy elderly subjects (26 men/15 women, mean age = 69.22 years, SD = 
8.55, range = 55-87 years) were included in this study. Inclusion criteria require that subjects have at least 
a high school education, be able to perform breath holding tasks, and have vision corrected to 20/30 as the 
instructions are presented visually. Exclusion criteria include any history of neurological disease or brain 
injury, claustrophobia, uncontrollable shaking, use of medications that affect cognitive function or 
vascular response, foreign metallic objects in the body, and any conditions which would contra-indicate 
MRI.  
5.2.2 MRI Acquisition 
All human subject MRI data collections occurred at the Biomedical Imaging Center at the 
University of Illinois at Urbana-Champaign in accordance with the institutional review board of the 
University. All participants were studied on a 3 T Siemens (Erlangen, Germany) Trio scanner using a 
standard body coil transmission and a twelve-channel head array receive coil.  
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Subjects were instructed to perform a breath holding (BH) task, which includes six repetitions of 
alternating periods of BH after expiration (18 seconds) and self-paced breathing (36 seconds). The BH 
functional run results in a total acquisition time of 5 minutes and 24 seconds. Six axial imaging slices 
passing the middle of lateral ventricle and covering part of the frontal cortical areas were acquired with 
localized pTILT as described in Chapter II. Specifically, for optical imaging purposes (which was 
performed simultaneously), a marker was placed on the subjects forehead at the point of the optical 
detector. The pTILT slice was oriented so as to pass through the marker with the middle of the slice 
prescription. The labeling slice was placed inferior to the imaging slab with a 10 mm gap. The BH 
experiment was presented in EPRIME (Psychology Software Tools, Pittsburgh) and displayed via 
backprojection (BrainLogics, Psychology Software Tools, Pittsburgh). To minimize motion during the 
BH period, padding was used to stabilize the subject’s head. 
 
The imaging and tagging parameters of the localized pTILT sequence in BH studies were: 
windowed-sinc 45o RF pulses with 2560 μs-duration, tagging repetition spacing = 30 ms, number of 
concatenated RF pulse pairs = 100, tagging duration = 3 s, postlabeling delay = 0.5 s,  tagging slice 
thickness = 10 mm, gradient spoiler duration and amplitude = 4000 μs/[±10, ±12, ±14, ±16] mT/m, SE-
EPI readout, FOV = 220×220 mm, scan matrix size = 64×64, TR/TE = 4500/44 ms, slice thickness = 6 
mm, slice gap = 1.2 mm, 36 control and 36 tag repetitions, scan time of one acquisition = 5 minutes and 
24 seconds.  
 
To assist with the registration procedure, two additional scans of the brain were taken: a high-
resolution 2D turbo-spin echo (TSE) acquisition with the imaging slices at the same location as the BH 
acquisitions, and a high-resolution T1-weighted 3D anatomical image. The T1-weighted brain image was 
acquired using a 3D MPRAGE (Magnetization Prepared RApid Gradient Echo) protocol (TR = 1900 ms, 
TI (inversion time) = 900 ms, TE = 2.32 ms, filed of view = 256×256 mm (saggital), matrix size = 
512×512×192, flip angle = 9o, slice thickness = 0.9 mm). 
5.2.3 Data Processing 
pTILT functional data processing was carried out using SPM 8 (Wellcome Department of 
Cognitive Neurobiology, University College of London, UK) and FSL 4.1.4 (FMRIB Software Library, 
Analysis Group, FMRIB, Oxford, UK). 
 
Spatial Pre-Processing 
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 Spatial realignment and registration steps were carried out before the statistical data analysis. 
First, the functional data was registered to the subject’s MPRAGE image space by using the T2-weighted 
overlay image as a source image in SPM 8. Next, the coregistered functional data generated in the first 
step was normalized to the T1-weighted template image provide by SPM 8, resulting in updated pTILT 
functional data in the standard space. 
 
fMRI data analysis 
 A multiple regression analysis was performed using SPM 8, in order to identify the voxels whose 
signals fit a model of the hemodynamic response to the experimental paradigm (36-second free breath and 
18-second breath hold). A default high pass filter with a cut-off frequency of 128 seconds was used to 
remove slowly varying trends. All analysis was performed on spatially unsmoothed data. 
 
It is not straightforward to analyze perfusion fMRI data (or, ASL fMRI data) with SPM 8. The 
ASL data needs special treatment because each voxel’s time series switches between tag and control 
conditions. Usually, the control images have higher intensity than that of tag images. The difference 
between the tag and control time points is contributed by perfusion signal, and the difference increases 
with activation. 
 
Figure 5.1: Design matrix of the statistical analysis in SPM 8. The first column corresponds to the 
tag-control perfusion signal, the second is the BH-task-related BOLD response, the third is 
perfusion signal weighted by the BH-task-related activation, and the fourth is static tissue signal.  
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The linear model of the breath holding task is generated using the full perfusion signal modeling 
in FEAT (FMRI Expert Analysis Tool) version 5.98, part of FSL. Four regressors were modeled: the 
baseline tag-control alternating intensity variation, the task-related BOLD signal, the modulation of the 
tag-control difference by the activation, and the static tissue signal as shown in Figure 5.1. The task-
related response was modeled by a boxcar function for each breath holding phase, convolved with a 
canonical hemodynamic response function. Then, the design matrix was saved as a text file and served as 
the input of multiple regressor in SPM 8.  
 
Motion correction 
 Significant head motion artifacts were observed in the time series of the pTILT breath holding 
data. In order to reduce the motoion influence and increase the sensitivity in the ability to detect regions 
of activation, the Robust Weighted Least Square (rWLS) toolbox (112) was used in SPM 8.  The rWLS 
toolbox reveals images that are impacted by motion or other noises based on the residual-mean-square 
estimate, which is calculated by adding up the squared residuals over the whole volume for each 
individual time point when applying the linear model in Figure 5.1 to the imaging data. After detecting 
the images contaminated by motion, rather than remove those “bad” data points completely, the rWLS 
toolbox “soft”-excludes those images by weighting each observation with the inverse of its variance. 
Therefore, the higher the variance of the image is, i.e., the more significant the motion is, the less it will 
impact the results (112). 
 
CBF Quantification 
Baseline perfusion images in the units of mL/100 g/min were calculated based on Equation (5.1), 
in which a single compartment model and no blood exchange are assumed (66,67): 
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,                      (5.1) 
where β1 is the estimated coefficient of the tag-control difference, i.e., the perfusion-weighted signal in 
Figure 5.1 and β4 is the estimated coefficient of the static tissue signal. λblood and w are the water content 
of blood (0.9 as used in (66)) and post-labeling delay  (0.5 seconds), respectively. T1,blood (1680 ms at 3 T) 
and T2 ,blood (275 ms at 3 T) are the longitudinal and transversal relaxation rates of blood (68).  Tslc is the 
EPI readout duration of one single slice, and n is the index of acquired slice. TE (44 ms) is the echo time 
of the SE-EPI sequence. 
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Statistical analysis 
Mean perfusion in three regions of interest (ROI) were calculated for each subject’s pTILT 
acquisition. The ROIs were gray matter (GM), white matter (WM) and frontal cortex areas, which were 
obtained from the A-Priori Tissue Probability Maps provided by FSL. Then, the GM and WM masks 
were generated by applying a threshold of 60% to avoid significant cross-contamination between GM and 
WM voxels. Correlations of age on the global GM CBF, the ratio of GM-WM perfusion, and frontal 
cortex CBF were carried out in our analysis.  
 
Figure 5.2: An example perfusion image from a 63-year-old subject. Six axial slices are shown 
from inferior (top left) to superior (bottom right). The higher perfusion in gray matter compared to 
that in white matter can be clearly seen. The unit of the color bar is mL/100 g/min. 
 
 
Figure 5.3: The motion estimation and correction results in one subject by using the rWLS 
toolbox in SPM8. The first graph indicates that the original noise variance increases while the 
head moved. The second graph demonstrates that the mean squared residual for each image, after 
the weighting of 1/variance has been applied, was reduced and became homogenous. 
Pre‐WLS residual SD
Final residual SD
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5.3 Results 
Figure 5.2 shows a typical perfusion image from a 63-year-old subject with good signal-to-noise 
ratio and contrast between gray and white matter.  
 
Figure 5.3 shows the motion estimation and correction results in one subject by using the rWLS 
toolbox in SPM8. The rWLS algorithm first estimated the noise variance of each image. Images that were 
taken while the head moved showed an increase in noise variance as shown in the first graph of Figure 5.3. 
Instead of excluding those bad images, rWLS uses the weighting factor of 1/variance to weight the 
images through the data. The plot in the second graph shows the residual mean square error as a function 
of scan after the weighting has been applied. Now the residual time series is homogenous, and the optimal 
model estimates from our noisy breath-holding data were obtained. 
 
The evaluated association between global CBF and age is shown in Figure 5.4. CBF was found to 
decrease at the rate of 0.65% per year (p = 0.022), which is in the range of previous findings between 0.38 
– 0.7% (11,17,111,113-116). The measured mean perfusion was 10.2 ± 3.26 mL/100 g/min in the gray 
matter for all the subjects, and the mean ratio between GM and WM CBF was 1.47 ± 0.31. The slope for 
the age versus the ratio between GM and WM perfusion was 0.62% per year (p = 0.0009) (Figure 5.5), 
slightly slower than 0.76% as reported in (11). 
 
Figure 5.4:  Association between global cortical CBF and age. Individual data is indicated by 
blue triangles and regression model is shown as the black solid line. The mean CBF across the 
entire cortical gray matter was negatively correlated with age, with a rate of 0.65% per year (p < 
0.05).  
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 However, unfortunately, we did not find a statistically significance in the correlation between age 
and CBF in the frontal cortex (Figure 5.6). The mean perfusion in the frontal cortex was 7.93 ± 4.53 
mL/100 g/ min, the mean CBF of which is lower than that of whole cortical gray-matter flow, while the 
standard deviation is much higher. 
.  
 
 
Figure 5.5: Association between the ratio of GM/WM perfusion and age. Individual data is 
indicated by blue triangles and regression model is shown as the black solid line. The mean ratio 
was negatively correlated with age, with a rate of 0.62% per year (p < 0.001).  
 
Figure 5.6: Association between the ratio of GM perfusion in the frontal cortex and age. 
Individual data is indicated by blue diamonds and regression model is shown as the black solid 
line. The mean CBF across the frontal cortex was negatively correlated with age, but without a 
statistical significance (p > 0.05). 
  61
5.4 Discussion 
The results show significant perfusion changes with aging, however, the obtained flow rates 
(around 10 mL/100 g/min) in the whole cortical gray matter are lower than those (around 40-80 mL/100 
g/min) reported in the literature (35,37,91). This underestimation of CBF might be caused by our 
procedure for averaging over gray matter. First, it has been found that normal aging is accompanied with 
brain atrophy (11,117). The thinning thickness of the cortex leads to an increasing gray-matter partial 
volume effect by the white matter and CSF, which reduces the measured cortical gray-matter perfusion. 
Second, when calculating the mean flow rates in the gray-matter ROI, a standard gray-matter mask was 
used for all the elderly subjects, which makes the partial volume contamination more serious. In the future 
work, to improve the accuracy of CBF quantifications in each ROI (GM, WM, and frontal cortex), we 
will obtain the mean perfusion of each subject based on individual’s ROI mask.  
 
Many studies found that the gray-matter age-related changes were predominantly localized in the 
frontal cortex, unfortunately, in our results, no statistical significance was detected in the association 
between age and the mean flow rates in the frontal cortical region. There could be due to multiple reasons: 
first, significant brain atrophy was observed in this region in our older subjects and thus, the regional 
perfusion measurements are more susceptible to the partial volume effects, which could decrease the 
correlation of age versus perfusion. Second, the pTILT technique implemented in the current study is 
sensitive to magnetic field inhomogeneity, resulting in error in flow measurements. This artifact is more 
significant for the frontal cortical area, since the labeling slice is very close to the air-tissue interface with 
a severe Bo inhomogeneity. This also explains the relatively lower average perfusion but higher standard 
deviation in the frontal cortex compared to that in the whole gray matter, since the Bo shimming results 
could have big variations for different subjects. 
5.5 Conclusion 
The present study successfully demonstrated that aging is associated with reduced resting cerebral 
blood flow, and the use of the pTILT technique is sensitive to flow changes with aging.  
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6 CHAPTER VI  
FUNCTIONAL IMAGING WITH FENSI: FLOW-
ENHANCED SIGNAL INTENSITY* 
 
 
 
 
 
The current spatial-tagging-based ASL techniques, including PASL, CASL, pCASL and pTILT, 
all label inflowing arterial spins from outside of the imaging volume. However, in this chapter, we 
introduce a novel flow-based functional imaging method, called Flow-Enhanced Signal Intensity (FENSI), 
which is an extension of a diffusion enhancement method from MR microscopy (DESIRE).  The FENSI 
method offers a localized flow-weighted signal across a very thin slice (0.4 mm in the studies illustrated 
this chapter) that provides a signal enhancement that is dependent on the velocity and direction of the 
flow. Flow measurements with FENSI for functional magnetic resonance imaging are desirable as they 
are potentially more closely tied to neuronal activity than those measured by ASL methods by placing the 
tagging plane inside the imaging volume. This particular labeling and imaging geometry with FENSI 
allows for direct interrogation of microvasculature. 
 
We have developed two versions of FENSI. The first one is qualitative FENSI which is presented 
in this chapter and majorly used as a novel flow-based functional MRI technique; In the next chapter, 
FENSI is developed into a quantitative flow imaging method, which is capable of providing reliable and 
accurate microvascular flow measurements. 
                                                     
* Parts of this Chapter are adapted from Sutton BP, Ouyang C, Ching BL, Ciobanu L. Functional imaging with 
FENSI: flow-enhanced signal intensity. Magn Reson Med 2007;58(2):396-401. 
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6.1 Introduction 
Imaging of cerebral blood flow with MRI began with the realization that water in blood could be 
used as an endogenous perfusion contrast agent by manipulating the magnetization of blood flowing into 
a slice (24,25).  Since then many variations on tagging methods have been developed.  In the FAIR 
method, flow sensitive alternating inversion recovery, slice-selective and non-selective inversion recovery 
acquisitions are interleaved and subtracted to give signal weighting proportional to inflow of spins into 
the imaging slice (31,118).  The ASL family of techniques has seen extensive usage in quantitative 
measurements and detection of neuronal activity. ASL techniques often tag blood some distance away 
from the slice to be imaged, perhaps even by separate RF coils other than the imaging coils, and monitor 
the wash-in/wash-out dynamics of tagged blood in the imaging slice (see (119) for a recent review of 
ASL techniques).  To create an image of flow, most ASL methods acquire one image with tagged blood 
and one with untagged blood (control) and subtract the two images.  The success of ASL depends on 
accurately determining when the tags enter and leave the region of interest.  Consequences of ill-timed 
image acquisitions are potentially severe signal loss or artifacts.   
 
Ideally flow experiments would target the CBF at the arteriole and capillary levels, as the 
arteriole is the level of localized control of blood flow.  Because there is a continuous change in dynamic 
factors (i.e. pulsatility, diameter, resistance, compliance, and age effects (120)), the blood velocities at the 
arteriole, capillary, and venule span a wide range. Average velocities for the aorta, small arteries, 
arterioles, capillaries, venules, small veins, and the venae cavae are approximately 330 mm/s (1), 40 mm/s, 
20 mm/s (2), 0.3 mm/s, 3 mm/s, 10 mm/s, and 100 mm/s respectively (3). Therefore, by targeting 
velocities in the 10 mm/sec range, an experiment would be sensitive to arterioles and small veins. 
 
In this work, we develop a novel flow-based technique that is derived from work in MR 
microscopy.  A method called diffusion enhancement of signal and resolution (DESIRE) has been 
previously proposed to increase signal-to-noise ratio in microscopic imaging utilizing an enhancement 
due to spin diffusion (57-59,121).  With this method, signal enhancements of one to three orders of 
magnitude are possible (122,123).  In both DESIRE and the method presented here, signal enhancement 
refers to a signal gain attained by measuring all protons that are present in or pass through a small region 
over a period of time.  This is compared to a standard imaging technique that only reports the protons that 
are present in the small region at a given time.  By summing all spins that pass through a region, great 
gains in signal-to-noise ratio are possible. 
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Although the DESIRE method was initially developed to obtain diffusion-enhanced images, the 
signal intensity is very sensitive to flow. In this paper we adapt the DESIRE method to provide a 
localized flow measure.  The proposed method, which we name Flow-Enhanced Signal Intensity (FENSI), 
is used to image a thin slice in a functionally active area of the brain. The signal intensity through the thin 
slice is enhanced by flow through the slice and the enhancement of the signal is proportional to the flow 
rate.  Using this acquisition in a time series in conjunction with a cognitive task, we monitor signal 
intensity values directly related to flow and functionally-induced changes in the flow through the thin 
slice. 
6.2 Methods 
6.2.1 Theoretical analysis of the signal enhancement obtained with FENSI 
The FENSI pulse sequence is shown in Figure 6.1a, identical to a 1D DESIRE experiment with a 
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(b) 
Figure 6.1: (a). FENSI pulse sequence.  ‘ss’ denotes slice select gradients, ‘sp’ denotes spoiler 
gradients, ‘thin slice’ denotes thin saturation slice, ‘thick slice’ denotes the thicker imaging slice. (b). 
schematic of the imaging slice, showing the thin saturation slice and the build-up of tag due to blood 
flow. 
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spin-echo EPI readout. Two images are acquired in succession, one with a “saturation module” consisting 
of 30 saturation RF pulses with spoiling gradients and the other with only 1 saturation pulse and spoiling 
gradient.  The images are then subtracted.  The saturation pulse saturates spins within a thin saturation 
slice (0.4 mm thick), centered within a larger imaging slice as shown in Figure 6.1b. Protons located in 
the saturated slice flow or diffuse out of the slice and are replaced by new protons which, in turn, become 
saturated.  After the saturation period the magnetization will be suppressed in a volume both within and 
outside the directly saturated slice.  The saturated magnetization corresponds to all the spins that have 
been, at some point during the saturation period, within the saturated volume.  In this sense, the saturation 
module has been used to store information about slow flowing blood in small vessels, in an analogous 
manner to the way that magnetization transfer contrast stores information about the presence of 
macromolecules. 
 
In this work, we will define signal enhancement, E(x ,y ,t), as the ratio of the signal intensity 
difference between the enhanced image and the un-enhanced image to the signal intensity of the un-
enhanced image.  The un-enhanced image is an image of the thin saturation slice with a conventional MR 
acquisition, i.e. an image of the thin slice without the saturation module.  MR images corresponding to the 
enhanced saturation volume are produced via subtraction of images without and with repeated saturation.  
The saturation module consists of a series of 5 ms windowed-sinc 90o RF pulses, applied in the presence 
of a gradient in the slice-select dimension, denoted here by the z-direction.  The RF pulse is followed by 
spoiler gradients on all three axes.  The signal enhancement, E(x ,y ,t), after a saturation module duration 
of time t is given by (123): 
 
   ( )01 1( , , ) 1 ( , , , ) / , ,  ( , , , ) 2 2z a z aE x y t M x y z t M x y z dz m x y z t dza a> >= − =⎡ ⎤⎣ ⎦∫ ∫ ,               (6.1) 
 
where 2a is the thickness of the directly saturated region, ),,,( tzyxM  is the z component of the 
magnetization after time t, M0(x,y,z) is the thermal equilibrium magnetization and 00 /)( MMMm −=  is 
the missing magnetization due to the repeated saturation module.  In the presence of flow, the time 
dependence of the magnetization, neglecting relaxation effects, is governed by the advection-diffusion 
equation: 
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where v is the fluid velocity in the z-direction and D is the diffusion coefficient (we assume here the ideal 
case in which the flow is oriented perpendicular to the tagging slice).  The following initial and boundary 
conditions are imposed on Equation (6.2): 
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Given the boundary conditions in Equation (6.3) an analytical solution to Equation (6.2) is (124):  
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where erfc is the complementary error function.  
 
Equation (6.2) is an accurate description of the magnetization evolution if the duration of the 
saturation module is much shorter than the effective T1 in the presence of flow.  If this condition is not 
satisfied, then one must account for T1 effects by including a relaxation term in the advection-diffusion 
equation. In the current implementation, the images were acquired with a saturation module with duration 
of 330 ms (consisting of thirty 90° pulses).  Given the short duration of the saturation module, and 
assuming a T1 of blood of 1.6 s (125), T1 effects have been neglected.  
                
Figure 6.2: Plot of signal intensity enhancement versus velocity perpendicular to tagging plane.  The 
enhancement calculation neglects T1 effects over the 330 ms duration of the saturation module.
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Using the above presented experimental parameters we can calculate the signal enhancement for 
a range of velocities. The results are shown in Figure 6.2.  The enhancement reaches a plateau, E = 0.65, 
for v = 15 mm/s when the flow rate is large enough to escape the larger imaging slice during the 
experimental time.  We assumed a blood volume fraction of 4% (126) and an average diffusion 
coefficient D = 3 μm2/ms (127). 
In the present study, we are performing a functional experiment, so we are interested in the 
difference in signal between activation and resting conditions.  Given a 25%, 50%, or 75% increase in 
flow due to stimulation, Figure 6.3 shows the sensitivity to activity over a range of initial flow velocities.  
The plot shows that we are most sensitive to changes around an initial velocity of 8 - 11 mm/s 
perpendicular to the tagging slice, in which we are able to get increases in the FENSI signal of greater 
than 10%. 
6.2.2 Calculation of enhancement from the acquired images 
To calculate the enhancement (E) from the experimentally measured images acquired using the 
FENSI sequence, we return to the definition of enhancement (123), 
0 30 (1 )m m E mε− = +                 (6.5) 
 
Figure 6.3: Theoretical FENSI signal change for a range of initial velocities, assuming a 25%, 50%, 
or 75% increase in the flow rate upon activation. A blood volume fraction of 0.04 and no stimulus-
evoked blood volume changes were assumed. 
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where m0 is the thermal equilibrium magnetization image without saturation; m30 is an image acquired 
with 30 repetitions of the saturation module as shown in the FENSI sequence (Figure 6.1); mε  is the 
signal contribution from the thin saturation slice of 0.4 mm without enhancement.  From Equation (6.5), 
we can write the enhancement as 
0 30( )m m mE
m
ε
ε
− −=                     (6.6) 
However, in the FENSI experiment we do not try to image mε directly.  Instead we take images 
with 1 and 30 repetitions of the saturation module.  Therefore, the image with 1 repetition of the 
saturation module, m1, can be expressed as,  
1 0m m mε= −                     (5.7) 
If the value of the enhancement E is desired, it can be calculated from 3 acquired images: one 
with no saturation (m0), one with 1 repetition of the saturation module (m1), and one with 30 repeated 
saturation modules (m30).  Combine Equations. (5.6) and (5.7):   
1 30 1 30
0 1
m m m mE
m m mε
− −= = −                    (6.8) 
This process of enhancement calculation is similar to quantifying cerebral blood flow in ASL (42).  
Only the numerator of Equation (6.8) is used in this work for the development of the functional imaging 
methodology. 
6.3 Experiments 
Experimental validation of the method was performed on four volunteers in accordance with the 
Institutional Review Board of the University of Illinois at Urbana-Champaign. Experiments were 
performed on a Siemens (Erlangen, Germany) Allegra 3 T head scanner with a gradient set capable of 40 
mT/m nominal maximum gradient strength and 400 mT/m/ms slew rate.  The FENSI method is very 
sensitive to small movements, so a head strap and padding was used to stabilize the subject’s head. All 
subjects passively viewed a blocked visual task that consisted of twenty seconds of display of a fixation 
cross followed by twenty seconds of a checkerboard reversing at 8 Hz.  Five repeats of the blocks were 
employed per functional run with a total duration of 200 s.  The task was displayed to the subject through 
LCD goggles (Resonance Technologies, Northridge, CA).  Functional imaging was performed with three 
modalities; FENSI, BOLD, and ASL; and two orientations; axial and coronal.  All acquisitions had a field 
of view of 220 mm, a matrix size of 64, and an EPI readout.  The FENSI acquisition was a spin-echo 
acquisition with a TE of 40 ms, TR of 2 s, a saturation module that alternated between 30 and 1 
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saturations of the saturation slice, and acquired a single slice with the thicker imaging slice at 10 mm and 
the saturation slice at 0.4 mm.  The BOLD acquisition was a gradient echo EPI acquisition with a TE of 
25 ms, a TR of 2 s, and twenty-one 3 mm thick slices with a 0.3 mm gap between slices acquired centered 
at the same location as in the FENSI experiments.  The ASL acquisition was a modified FAIR sequence 
(128).  The FAIR acquisition had a TE of 17 ms, TR of 2.5 s, an IR slab thickness of 100 mm, post IR 
delay of 700 ms, inferior saturation thickness of 100 mm, a post-inferior saturation delay of 1000 ms, and 
eleven slices 6 mm thick with a 1.5 mm gap between slices acquired centered at the same location as in 
the FENSI experiments.  For the multi-slice methods of BOLD and ASL, analysis was performed on the 
entire data set but only the center slice is shown, corresponding to the location of the FENSI acquisition. 
 
Data analysis was performed in FSL 3.3 (FMRIB's Software Library, www.fmrib.ox.ac.uk/fsl).  
Pairs of images from the FENSI experiment were subtracted resulting in 50 volumes with an effective TR 
of 4 s.  The ASL data was processed using the perfusion subtraction option in FSL, i.e. control-tag 
perfusion subtraction with half-TR sinc interpolation and no decimation.  For quantification of cerebral 
blood flow (CBF) from the ASL data, an M0 image was acquired and analysis was performed as described 
in (42).  Data analysis for each modality proceeded with the same parameters.  No motion correction was 
performed on the data which was spatially smoothed using a Gaussian kernel of 4 mm and temporally 
filtered with a high-pass filter (sigma = 20.0 s).  The hemodynamic response was modeled as a double 
gamma function.  Time-series statistical analyses were carried out using FILM, part of FSL (129). Z 
(Gaussianised T/F) statistic images were thresholded using clusters determined by Z>2.3 and a (corrected) 
cluster significance threshold of P=0.05 (130).  Results were overlaid on a high-resolution 2D T2 turbo-
spin echo acquisition taken with a 3 mm slice centered at the same location as the functional acquisitions.  
6.4 Results 
The thresholded Z-score axial and coronal activation maps from four subjects performing the 
blocked visual task are shown in Figure 6.4 for the FENSI, BOLD, and ASL acquisitions.  This figure 
shows reliable localization of the FENSI activations to the parenchyma, but conclusive evidence of 
specificity can not be inferred from these thresholded statistical maps and future work will focus on 
characterizing the sensitivity and selectivity of the response.   
 
An approximate effect size was formed by dividing the contrast coefficient estimated from the 
general linear model by the mean functional image.  Then the mean and maximum value of this effect 
size was examined within a region of interest determined by the thresholded statistical map.  The results 
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are given in Table 1.   In the voxels with significant activation, the signal from the FENSI acquisition was 
approximately 7% higher on average during task than during rest, with maximum signal changes ranging 
up to 22%.  Although this agrees well with the theoretical predictions, further replications are necessary to 
quantify this change.  Note that ASL did not show reliable activation in several cases, represented by NA 
in Table 6.1.  Also note that the mean functional image used for the effect size calculation for ASL was 
the mean over the time series of the non-subtracted input images. The perfusion images in ASL after 
subtraction have low signal-to-noise ratio.  Although using the non-subtracted images results in a much 
more stable division, the effect sizes returned are much lower than if the subtracted perfusion images had 
been used.  
6.5 Discussions 
The FENSI method offers a way to acquire a localized measure of flow with directional and 
velocity sensitivity.  Such a technique can be applied to the study of arteriole flow, the level of control of 
flow in the brain.  In order to visualize flow at the level of arterioles, the method has to be sensitive to 
velocities of approximately 10 mm/s.  Currently our method peaks in sensitivity for perpendicularly 
 
Figure 6.4: Z-score axial and coronal activation maps from FENSI, BOLD, and ASL acquisitions in 
four subjects performing a blocked visual task. 
  71
oriented flows on the order of 15 mm/s range, putting us in the correct range of sensitivity for a variety of 
incident angles.  Note that velocity selective arterial spin labeling methods exist and can offer quantitative 
information about blood flow dynamics between tagging and imaging (69) and comparisons with these 
techniques will be the subject of future studies. 
 
Table 6.1: Comparison of an approximate effect size between FENSI, BOLD and ASL.  Note that ASL 
effect sizes are underestimated as the non-subtracted input images were used in the calculation of effect 
size. 
 FENSI BOLD ASL 
mean max mean max mean max 
Subj1 Ax 0.064 0.220 0.014 0.136 0.026 0.117 
 Cor 0.055 0.109 0.021 0.151   
Subj2 Ax 0.078 0.262 0.011 0.160 0.008 0.063 
 Cor 0.060 0.144 0.019 0.227 0.006 0.010 
Subj3 Ax 0.078 0.140 0.017 0.138 0.008 0.039 
 Cor 0.072 0.105 0.016 0.113   
Subj4 Ax 0.070 0.155 0.016 0.179   
 Cor 0.073 0.195 0.017 0.134   
MEAN  0.069 0.166 0.016 0.155 0.012 0.057 
 
In this work, FENSI was compared with BOLD and ASL techniques.  Like FENSI, ASL uses 
tags to produce measures of blood flow, a quantity that is more closely tied mechanistically to neuronal 
activation than changes in blood oxygenation.  However, ASL and FENSI measure different aspects of 
blood flow at different scales. ASL measures bulk delivery of blood to a slice inclusive of all delivery 
blood vessels and when quantified gives CBF in units of ml/100 g tissue/min.  FENSI measures localized 
blood velocity across a thin saturation slice and when quantified gives blood velocity in units of mm/sec.  
The functional response of the two quantities should be related if increases in localized blood flow 
velocity are supplied by increased delivery of blood to the tissue instead of redistribution of the current 
blood supply.  Future studies are needed to examine this relationship. 
 
FENSI requires the use of a thin and accurate saturation slice profile which may be difficult to 
achieve on human scanners and may be system dependent.  The slice profile of the RF pulse in these 
experiments was found to be slightly wider than 0.4 mm at half-max.  This will decrease the enhancement 
achievable through the FENSI method and would result in an underestimation of the velocity.  
Additionally the magnetization transfer (MT) effects from the saturation module RF pulse need to be 
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considered when performing quantitative analysis of the flow.  In the current formulation, as a functional 
imaging method, MT effects should be consistent between task and rest, therefore having a negligible 
effect on the results presented here.  However, quantitative velocity measurements with FENSI will suffer 
from overestimation due to MT saturation effects decreasing the signal received from images with 
repeated applications of the saturation module, see Equation (6.8). This MT will be addressed in Chapter 
VI.  
 
The FENSI method is sensitive to the perpendicular component of the velocity of flow.  Non-
perpendicular and tortuous flow pathways exist in the brain and will affect the enhancement and range of 
velocity sensitivity of the method; resulting in lower signal enhancements and signal-to-noise ratios than 
those theoretically predicted.  However, the functional imaging signal will be preserved as long as 
orientations do not change between task and rest conditions. 
 
The DESIRE method in MRI microscopy applications has the potential of achieving several 
orders of magnitude in signal enhancement.  In our case, we are limited by the small partial volume 
fraction of blood vessels in the brain.  As the overall voxel size from this method is reduced we would 
expect to see regions where the partial volume fraction increases in the presence of larger vessels.  In the 
present study, although we have reduced our slice dimension to 0.4 mm, the other dimensions of our 
imaging stayed at the same level as standard BOLD acquisitions, i.e. 3.5 mm. 
 
The FENSI method as a brain mapping tool currently suffers from several limitations, including 
imaging of a highly localized single slice and suffering from low temporal resolution due to a required 
subtraction.  Several challenges will need to be addressed to extend the method to a multiple slice 
acquisition, including saturation cross-contamination from fast flowing spins and SAR restrictions from 
the repeated saturation pulses.  Also, similar to ASL methods, FENSI suffers from poor temporal 
resolution resulting from the need to acquire tag and control images to form a perfusion image.  For ASL, 
several methods have been developed to overcome this temporal resolution disadvantage, including 
running separate experiments with tagging and control acquisitions (131) or interleaving the control 
acquisition and the transit time of the label (71,132).  We anticipate that our method could benefit from 
running separate tag and control experiments and this will be investigated in future work.  
 
Given these limitations, initial applications of the method will focus on studying vascular flows in 
localized functional areas and characterizing vascular dynamics as a function of age or disease.  FENSI 
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gives quantitative measures reflecting local hemodynamics in relation to neuronal stimulation and may be 
useful in studying neurovascular coupling for the BOLD response. 
6.6 Conclusion 
We have presented an imaging method that takes advantage of signal enhancements due to flow 
through a thin tagging slice, extending the MR microscopy “DESIRE” method to the measurement of 
flow.  The method results in signal enhancements related to the velocity and changes in velocity of blood 
flow through a thin saturation plane.  We have applied this method to image changes in flow during a 
cognitive task and the signal changes and activity patterns agree well with our theoretical expectations, 
giving signal changes of approximately 10% and a good localization to parenchyma.  
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7 CHAPTER VII  
LOCALIZED BLOOD FLOW IMAGING USING 
QUANTITATIVE FENSI* 
 
 
 
 
 
FENSI was introduced as a novel functional imaging method for measuring changes in localized 
blood flow in response to a stimulus in the previous chapter. However, FENSI was limited to a qualitative 
functional MRI tool, due to magnetization transfer (MT) effects and different tagging plane profiles 
between tag and control images. In this work, a revised FENSI acquisition is proposed to enable 
quantitative imaging, which is capable of providing absolute localized blood flow maps free from MT and 
slice profile errors. The feasibility and accuracy of measuring microvascular (arteriole, capillary, venule) 
blood flow by using quantitative FENSI was validated by our phantom and in vivo studies. 
7.1 Introduction 
Cerebral blood flow is a critical determinant of brain health and cognitive performance. MRI-
based blood flow measurement methods have been studied extensively as noninvasive approaches for 
examining brain physiology and function. For instance, by using water in blood as an endogenous 
contrast agent, arterial spin labeling (ASL) techniques are able to provide a measurement of classical 
perfusion (24,25,133), which is defined as the volume of blood delivered to a unit volume of tissue per 
unit time (mL/100 g/min). Besides ASL, phase contrast (PC) MRI is another noninvasive flow imaging 
technique, in which flow-sensitizing gradients in the MR pulse sequence induce phase shifts proportional 
to the velocity of moving spins along the gradient direction. PC MRI is in widespread use for measuring 
high velocity (≥ 10 cm/s) and volumetric flow rate in large vessels (87). However, PC MRI does not 
                                                     
*  Parts of this chapter are adapted from Ouyang C, Sutton BP. Localized blood flow imaging using quantitative 
flow-enhanced signal intensity. Magn Reson Med 2011; In press. 
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allow for interrogation of the localized and microvascular flow in small vessels (arteriole, capillary, 
venule). For ASL, it allows measurement of localized delivery of blood, but it can have a strong 
dependency on blood flow pathway and arterial transit time (ATT), as most of the ASL approaches aim to 
tag arterial spins in the large feeding arteries while imaging blood signal downstream in the brain tissue of 
interests. In this work, we propose a quantitative method to allow for interrogation of highly localized, 
slow blood flow in small vessels, a regime in which very few non-invasive methods are available. 
 
The technique of flow-enhanced signal intensity (FENSI), has been developed as a qualitative 
tool for the assessment of localized flow changes during functional tasks and in aging (82,134). Similar to 
ASL, FENSI is also a pairwise subtractive method, and the flow-weighted signal is obtained by 
subtracting a tag image from a control image. The imaging geometry of FENSI is shown in Figure 7.1a. 
As described in the previous chapter, the general setup includes a thin tagging plane that is placed in the 
middle of a thick imaging slice. A FENSI tag image is acquired after repeatedly saturating the thin 
tagging plane for some time using 90o radiofrequency (RF) pulses followed by gradient spoilers (Figure 
7.1c), while the control image is acquired after a single or a few tagging pulses are used. After subtraction 
of tag from control, the obtained FENSI signal corresponds to imaging all of the MR spins that have 
passed through the thin tagging plane during the tagging period.  
 
FENSI has many advantages as a noninvasive blood flow imaging method. Different from ASL, 
which tags flowing spins in feeding arteries proximal to the imaging volume, FENSI can have an arbitrary 
tagging plane and tag flowing spins very close to or inside the microvasculature (arterioles, capillaries and 
venules) with slow velocity (≤1cm/s). With the capability to provide a highly-localized flow signal by 
tagging a thin slice inside the imaging slice, FENSI is expected to be less vulnerable to arterial transit 
time effects and blood delivery pathways. The specific tagging and imaging geometry also enables FENSI 
to be sensitive to blood flow directions, that is, only flowing spins with a velocity component 
perpendicular to the tagging plane will contribute to the FENSI signal.  
 
As originally proposed, FENSI was limited to a qualitative functional MRI tool due to two major 
systematic errors from static tissue in the imaging slice, both of which introduce apparent flow. The first 
one is the unbalanced magnetization transfer (MT) effects resulting from the use of an unequal number of 
RF pulses between tag and control images. The second source of error comes from differences in the 
tagging plane profiles between tag and control images. Repetitive implementations of tagging RF pulses 
produce a wider and sharper tagging plane profile in tag images than that by a single implementation of 
the RF pulse in control images. When subtracting the tag image from the control image, the tag profile 
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difference between the two images results in an apparent flow from static tissue. In a qualitative 
functional imaging protocol, these effects do not behave differently between task and rest portions of the 
paradigm, so there is no noticeable effect for the creation of activation maps for functional imaging. 
However, in order to get quantitative flow images, these artifacts must be removed. In this work, we 
further developed FENSI from a qualitative functional MRI tool to a quantitative method, named 
quantitative FENSI (qFENSI), capable of providing a noninvasive, accurate, and absolute measurement of 
blood flux through the microvasculature.  
7.2 Materials and Methods 
7.2.1 MR Pulse Sequence 
In the original FENSI sequence, the tag image was acquired with a tagging module applied to a 
thin tagging plane of 0.4 mm for duration of 330 ms (consisting of thirty 90o RF pulses, each followed by 
a gradient spoiler). And the control image was acquired with one tagging pulse applied before the readout 
(Figure 7.1a and c). 
 
In order to balance magnetization transfer effects between tag and control images, a RF 
concatenation scheme (61,62,91) is adapted for qFENSI tag and control pulses. RF concatenation was 
previously employed in the pulsed ASL technique of Transfer Insensitive Labeling Technique (TILT) 
(61,63,64,135). As shown in Figure 7.1c and d, the 90o tagging pulse is replaced by two consecutive 45o 
RF pulses. Following the recommendations of the RF concatenation scheme (61,62), the second 45o pulse 
is reversed in time and the second slice selective gradient has opposite sign compared to the first one. For 
the control images (Figure 7.1d), the sequence has exactly the same RF pulse pair and gradients as that of 
the tag image, except that the second 45o RF pulse is applied with a 180o phase shift to achieve an 
effective 0o excitation from the pair of pulses. By applying concatenated RF pairs, the same number of RF 
pulses with the same timing and location are used in both control and tag sessions, and thus the MT 
effects from the static tissue in the image region are cancelled out after the subtraction procedure. 
 
However, application of the RF concatenation scheme in FENSI does not eliminate the tagging 
plane profile artifact. Repetitive implementations of (+45o, +45o) in tag will still generate a wider and 
sharper tag profile than that by (+45o, -45o) in control. To further remove this tag profile artifact, three 90o 
saturation pulses with spoiling gradients are applied to a thicker post-tag saturation slice to suppress MR 
signal inside this wider region after the repeated tagging or control modules (Figure 7.1b and d). The slice 
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thickness of the post-tag saturation RF pulses is chosen to be wide enough to cover the significant main 
lobe and side lobe differences in the tag and control tagging plane profiles.  
 
By using the RF concatenation scheme to make qFENSI insensitive to MT effects and by 
applying post-tag saturation module to eliminate tagging plane profile artifacts, qFENSI is able to 
perform quantitative flow mapping. The updated qFENSI sequence and corresponding geometry is shown 
in Figure 7.1b and d. More detailed MR pulse sequence parameters can be found in Table 6.1. 
 
 
 
RF
Gz
45o        45o
100 loops
180o
90o90o90o90o
RF
Gz
30 loops
90o
(b) Geometry of quantitative FENSI
(c) Pulse sequence scheme of original FENSI
(d) Pulse sequence scheme of quantitative FENSI
‐ 45o
180o
90o
(a) Geometry of original FENSI
Figure 7.1:  Schematics of the tagging and imaging geometry for (a) qualitative and (b) quantitative 
FENSI: thin tagging plane (dash yellow), post-tag saturation slice (blue) and imaging slice (red). (c) 
and (d) are the corresponding pulse sequences for qualitative and quantitative FENSI, respectively: 
tagging pulses (yellow), post-tag saturation pulses (blue), SE-EPI readout (red) and spoil gradient 
(stripe) with varying amplitude. 90o saturation RF pulses were used for tag and 0o RF pulse for control 
in qualitative FENSI (c), while RF concatenation pairs were applied in quantitative FENSI (d): (+45o, 
+45o) for tag image and (+45o, -45o) for control image. τ denotes the RF spacing between two RF 
pulses. 
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Table 7.1: MR pulse sequence parameters for qFENSI. Tag plane prescriptions A and B represent 
different tagging plane prescriptions that were used in the acquired data. 
Imaging parameters: 
FOV = 220 mm, in-plane matrix size = 64×64, TR/TE = 5000/44ms, Spin echo (SE)- Echo planar 
imaging (EPI) readout. 
 
qFENSI Module: 
windowed-sinc 45o RF pulse with duration = 2560 us, RF spacing in one concatenated pulse pair (τ) = 
2960 us, spoiler duration and amplitude = 3600 μs/[±10, ±12, ±14, ±16 mT/m]. 
Tag Plane Prescription A: tagging plane/post-tag saturation slice/imaging slice = 1/3/20 mm, RF pair 
spacing = 10 ms, tagging duration = 1 s. 
Tag Plane Prescription B: tagging plane/post-tag saturation slice/imaging slice = 3/8/20 mm, RF pair 
spacing = 30 ms, tagging duration = 3 s*. 
* Both parameter sets (A and B) were investigated and tested in phantom and set B was used in vivo. 
7.2.2 Numerical Simulations 
Numerical Bloch simulations were performed to determine the expected widening of the tagging 
plane from repeated tagging RF pairs and to set the post-tag saturation slice thickness to cover the 
widening region. The tagging plane profile was simulated as a function of number of RF pulse pairs (N) 
implemented in the qFENSI sequence. The simulation parameters were chosen to match the experimental 
settings as in Table 7.1, Tag Plane Prescription B: windowed-sinc 45o RF pulses with duration of 2560 μs, 
RF spacing in one concatenated pulse pair (τ) = 2960 us, spoiler duration and amplitude = 3600 μs/[±10, 
±12, ±14, ±16 mT/m], the preset thickness of the thin tagging plane = 3 mm, thickness of the imaging 
slice = 20 mm, number of RF pairs (N) = 1, 10, 50 and 100. T1 (1820 ms) and T2 (99 ms) relaxation 
effects of gray matter at 3 T were considered in the simulation (68). Several different amplitudes of 
spoiler gradients were used to avoid the formation of echoes in the string of saturation pulses. 
7.2.3 Flow Quantification 
The flux quantification of qFENSI can be derived by the following steps: 
(1) Flow-weighted images, ΔM, can be obtained by subtracting the tag image from the control image. 
This flow-weighted image contains microvascular blood flow information and will be converted 
to volumetric blood flux.  
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(2) To determine the conversion factor from MR signal to water volume, we used a voxel with 
cerebrospinal fluid (CSF). The equilibrium magnetization signal of CSF of an imaging voxel 
volume is calculated by Equation (7.1), 
o,CSF
img posttag
control,CSF
o,CSF
1,CSF
 
TR1 exp
T
M
CSF signal per mL
V V
M
M
= −
= ⎛ ⎞− −⎜ ⎟⎜ ⎟⎝ ⎠
                                              (7.1) 
where Vimg (mL) is the imaging voxel volume and Vposttag is the post-tag saturation volume inside the 
imaging voxel, and the CSF equilibrium signal of Mo,CSF is from a volume of (Vimg-Vposttag). TR is the 
repetition time (5 s). Mo,CSF is calculated from the mean of the control images (Mcontrol,CSF) with 
consideration of CSF T1 relaxation (T1,CSF = 3.7 s at 3 T) (136).  
 
(3) By Equation (7.2), We can obtain the volume of moving spins during the tagging interval, Δt, by 
normalizing the flow-weighted image (ΔM) by the CSF equilibrium signal per mL (Equation 
(7.1)),  
( ) o,CSF
img posttag
     / ( )
M
Volume of tagged flowing spins mL M
V V
= Δ −                              (7.2) 
(4) Assuming a single compartment model as in (66,67), the blood flux Q in µL/min/cm2 can be 
obtained by dividing the volume of tagged flowing spins from Equation (7.2) by the cross-
sectional area of a single voxel (Ao =  (22 cm/64)2) and the tagging duration Δt, 
 ( )img posttag
o o,CSF
60 1000 MQ V V
A t Mλ α
× Δ= ⋅ − ⋅⋅Δ ⋅ ⋅                                            (7.3)  
where the scalar 60 converts the unit from second to minute and 1000 converts from mL to μL. λ is 
the water content of blood, i.e., 0.76 (66,137), α is the tagging efficiency with qFENSI (α =1 was used 
in the calculation). 
(5) By accounting for blood transversal and longitudinal relaxation effects, the final calculation for 
volumetric flow rate of blood is shown in Equation (7.4), 
( )img posttag
o o,CSF 1,blood 2,blood
60 1000 exp expM w TEQ V V
A t M T Tλ α
⎛ ⎞ ⎛ ⎞× Δ= ⋅ − ⋅ ⋅ ⋅⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⋅Δ ⋅ ⋅ ⎝ ⎠ ⎝ ⎠
                  (6.4) 
where w is the post-tag time delay between tagging and image readout (500 ms in this study), and TE 
is the echo time (44 ms). T1,blood (1680 ms) and T2,blood (275 ms) denote the longitudinal and 
transversal relaxation times of blood at 3T respectively, which were obtained from the literature (68).  
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7.2.4 Phantom Validation 
Phantom studies were performed in order to validate flow measures and the removal of MT and 
tagging plane profile errors from the updated qFENSI technique. First, a static phantom was constructed 
using a 2% agar gel to examine and compare the magnetization transfer and tagging plane profile errors 
between the qualitative and quantitative FENSI sequences. 
 
The second phantom study was performed to investigate and validate the accuracy of the flow 
measurements with qFENSI on a flow phantom. The phantom was made with a 2% agar gel and a tubing 
of 1.02 mm inner diameter. The tubing was wrapped four times around a plastic frame (10 cm width) 
inside the agar phantom (Figure 7.2a and b). qFENSI acquisitions were carried out with a matrix size of 
64x64 and a field of view of 220 mm as listed in Table 7.1, Tag Plane Prescription A. The imaging plane 
was placed perpendicular to the flow in the tubing (Figure 7.2a). With these imaging parameters, a 7% 
volume fraction of tubing flow was obtained in imaging voxels that contained tubing. A syringe pump 
was used to maintain the flow rates (Qo) inside the tubing with preset values of 490.3, 343.2, 245.2, 147.1, 
and 49.0 μL/min for each scan, corresponding to average flow velocities (vo) in the tubing of 10.0, 7.0, 5.0, 
3.0, and 1.0 mm/s. The relationship between these two groups of flows is converted according to 
Qo=60·πr2·vo, where r denotes the radius of the tubing. 
7.2.5 Human Experiments 
Ten healthy subjects (seven male and three female, 33-80 years old) were studied on a 3 T 
clinical scanner (Trio, Siemens, Erlangen, Germany) using standard body coil transmission and twelve-
channel head array receive coil, following a protocol approved by the Institutional Review Board of the 
University of Illinois at Urbana-Champaign. To reduce movement, padding was used to stabilize the 
subject’s head. Resting blood flow maps were acquired with qFENSI in an axial slice at the level of the 
corpus callosum for each subject, averaged from 30 pairs of control/tag images with a repetition time (TR) 
of 5 s for each image. For all in vivo imaging experiments, the protocol from Table 7.1, Tag Plane 
Prescription B was used. 
 
Functional acquisitions were performed on another four healthy subjects (three male and one 
female, 20-30 years old). The four subjects performed a visual functional task, in which they passively 
viewed a blocked visual presentation consisting of 30 seconds of display of a fixation cross followed by 
another 30 seconds of a red/black checkerboard reversing at 8 Hz. Five repeats of the task blocks were 
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employed per functional scan with a total duration of five minutes. The visual presentation was displayed 
to the subjects through back projection (BrainLogics, Psychology Software Tools, Inc., Sharpsburg, USA).  
A coronal imaging slice passing through the primary visual cognitive area, V1, was acquired with 
qFENSI. 30 pairs of control/tag images were obtained with a TR of 5 s for each image.  All the activation 
maps were formed using FSL (FMRIB Software Library, Oxford, UK) (129) . The time series was high-
pass filtered with a cutoff of 60 s. Spatial filtering was performed with a Gaussian kernel with a full width 
at half-max of 5 mm. The signal was modeled by multiplication of a tag-control regressor with a block 
model of the task that was convolved with a gamma-function hemodynamic response function. Z 
(Gaussianised T/F) statistic images were thresholded using clusters determined by Z≥2.3 and a (corrected) 
cluster significance threshold of P = 0.05 (130). The activation results were overlaid on a high-resolution 
2D turbo-spin echo acquisition taken with the imaging slice at the same location as the qFENSI 
acquisitions, at the thin tagging plane location. 
 
(a)
(b) 0.2%
2%
1%
(c)
imaging slice
labeling plane
agarflow
tubing plastic frame
 
Figure 7.2: (a) Side view of the flow phantom for phantom validation study. The imaging slice (red), 
tagging plane (yellow) and post-tag saturation slice (blue) are placed perpendicular to the flow in the 
tubing (green). The phantom is filled with 2% agar. (b) Top view of the flow phantom. (c) One example 
(vo = 7 mm/s) of flow-weighted maps (ΔM/Mo) of the flow phantom measured with qFENSI. The 
location of the tubing segments can be easily determined by visual inspection and the background 
signal of agar is well suppressed. 
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A post-tag delay of 500 ms was used for both static and functional acquisitions to improve the 
assumption that only microvascular blood flow contributes to the qFENSI signal. This delay allows time 
for fast spins that were tagged in large vessels to leave the imaging volume before data acquisition. 
 
Flux rate maps were quantified by Equation (7.4). Mean flux rates and mean temporal signal-to-
noise ratio (SNR) in different ROIs were calculated. For resting blood flow imaging, the ROIs were gray 
matter (GM) and white matter (WM) areas, which were obtained by projecting the GM and WM atlases 
(HarvardOxford) provided by FSL (138) to subject space, resulting in probabilistic maps of GM and WM 
distributions. Then, the GM and WM masks were generated by applying a threshold of 98% to avoid 
significant cross-contamination between GM and WM voxels (67). The temporal SNR is calculated by 
dividing the mean flow-weighted signal in each voxel by the standard deviation through time. By 
averaging the temporal SNR of voxels in a ROI, we obtain the mean temporal SNR of a single image for 
that ROI (69,70). For the data acquired during the visual functional tasks, the ROI was defined as the 
activated GM voxels (those that exceeded the cluster-level statistical threshold as explained above). This 
functional ROI was used to examine task-related changes in measured flow. 
7.3 Results 
7.3.1 Numerical Simulations 
Figure 7.3 depicts the simulated slice profiles by applying different numbers of (+45o, +45o) RF 
pairs, with the same pulse sequence parameters that were used in the in vivo scans. As shown, a single 
implementation of a (+45o, +45o) pair generates the narrowest tagging width, largest transition width and 
lowest amplitude of side lobes, while 100 (+45o, +45o) pairs give the widest tagging band, sharpest 
transition width and highest side lobe amplitude. Therefore, in order to eliminate the tagging plane profile 
artifacts, the slice thickness of the post-tag saturation RF pulses need to be wide enough to cover the 
spatial extent of the repetitive tagging RF pairs. Our simulation and empirical conclusion is that the slice 
profile artifacts are effectively suppressed when using a post-tag saturation slice with a thickness 
approximately three times wider than the preset tag plane profile width for a single (+45o, +45o) pair. 
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7.3.2 Phantom Validation 
In the first phantom experiment, a static phantom was used and no flow was expected. With the 
original qualitative FENSI, the mean residual signal in agar (ΔM/Mo) was around 10%, which is much 
higher than the signal level that would result from blood flow in brain (1-2%). In contrast, the residual 
error is reduced to noise level (≤ 0.1%) when the proposed quantitative FENSI (qFENSI) is used. The 
lack of static tissue water contamination in the flow signal demonstrates that both magnetization transfer 
and slice profile artifacts were successfully eliminated. Two sets of protocol parameters (Tag Plane 
Prescription A: tagging plane, post-tag saturation slice, imaging slice and tagging duration = 1, 3, 20 mm 
and 1 s respectively; and Tag Plane Prescription B: 3, 8, 20 mm and 3 s) listed in Table 7.1 were tested in 
the agar phantom and validated that no significant residual signal was produced by static water with the 
updated qFENSI technique. 
 
      
Figure 7.3: Simulated tagging plane profile as a function of number of RF pulse pairs (N) 
implemented in the qFENSI sequence. The region between two cyan vertical lines denotes the preset 
thin tagging plane (3 mm). The region between two red vertical lines denotes the post-tag saturation 
slice (8 mm) and the imaging slice is 20 mm. T1 (1820 ms) and T2 (99 ms) of gray matter at 3 T were 
considered in the simulation. 
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Next, the flow phantom was used to verify the accuracy of the flow measures. One example of a 
flow weighted image (ΔM/Mo) of the flow phantom is shown in Figure 7.2c. The location of the tubing 
segments in the flow phantom can be easily determined by visual inspection, as no net signal from agar 
was left in the background when using qFENSI. The preset (Qo), measured (Q) flow rates, and expected 
mean velocity (vo) in the tubing are listed in Table 7.2 for several preset flow rates. With the geometry 
and timing parameters (Tag Plane Prescription A) shown in Table 7.1, qFENSI was designed to be 
sensitive to flowing spins that have velocities between 3 and 10 mm/s. These parameters are chosen to 
target the highly-localized microvascular flow rates. Spins moving faster than 10 mm/s will leave the 
imaging slice, and spins slower than 3 mm/s still stay inside the post-tag saturation slice, and have their 
signal spoiled by the three 90o post-tag saturation RF pulses. As shown in Table 7.2, the updated qFENSI 
acquisition provides an accurate and localized measure of volumetric flow from spins with average 
velocities between 3 mm/s and 10 mm/s, but underestimates volumetric flow with average velocities 
outside of this range. As expected, in the last column of Table 7.2, the measured flow rate was much 
smaller than the preset value in the tubing for an estimated mean velocity of 1.0 mm/s. 
 
Table 7.2: Preset and measured flow rates in flow phantom (μL/min) 
Set Qo 490.3 343.2 245.2 147.1 49.0 
Measured Q±SD 470±54 385±51 297±41 110±24 14±38 
Expected mean  
vo (mm/s)* 
10.0 7.0 5.0 3.0 1.0 
*vo is the expected mean velocity in the tubing for each set volumetric flow rate, i.e., Qo=60·πr2·vo, where r 
denotes the radius of the tubing. 
7.3.3 Human Experiments 
Figure 7.4a shows the resting state qFENSI flux maps acquired in nine subjects (one subject’s 
data was excluded due to excessive motion). The protocol parameters from Table 7.1, Tag Plane 
Prescription B were used for all in vivo data sets. The average flux in the GM ROI of the nine subjects is 
366±45 µL/min/cm2 and 153±23 µL/min/cm2 in the WM ROI (Figure 7.4b). The mean temporal SNR of 
one acquisition with qFENSI is 0.8±0.2 in GM and 0.5±0.1 in WM. These SNR values will increase to 
4.4 and 2.7, respectively, by averaging over the 30 measurements acquired in our experiments.  
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Figure 7.4: (a) Resting blood flux maps acquired with qFENSI in nine healthy subjects (color bar in 
µL/min/cm2). (b) Resting blood flux (µL/min/cm2) and SNR values analysis for each subject. The 
estimated mean flux over gray matter (GM) ROI is 366±45 µL/min/cm2 and 153±23 µL/min/cm2 over 
white matter (WM) ROI. 
 
. 
Figure 7.5: (a) Coronal z-score activation maps by qFENSI-based BOLD (1st row) and qFENSI (2nd row) 
during visual stimuli for each subject. (b) Cerebral blood flux (µL/min/cm2), flow change percentage and 
SNR values in activated voxels for visual task. 
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Figure 7.5a, shows the z-score visual activation maps by co-acquired blood oxygenation level 
dependent (BOLD) (1st row) and qFENSI (2nd row) acquisitions. The functional flux results are listed and 
compared in Figure 7.5b for an ROI defined by the voxels in the activated clusters from the visual task. 
The measured average flux in the ROI, i.e., the mean flux through the whole functional task including 
both rest state and activation conditions, of four subjects is 375±33 µL/min/cm2, and the flux change is 
73±13 %. 
7.4 Discussion 
In this work, qFENSI was developed and applied to non-invasively measure highly-localized 
microvascular blood flow and flow changes in the human brain during resting state and a visual task. 
qFENSI is able to provide a measure of the blood flux in vessels very close to and including the 
microvasculature in localized tissue with units of µL/min/cm2. This measure is expected to provide 
information on localized slow flowing blood, unlike other flow measures which have a strong dependence 
on flow delivery pathways and arterial transit times.  
 
The qFENSI method is being proposed as a complement to ASL techniques. Some of the 
information provided by qFENSI might overlap with the perfusion information provided by ASL, 
however, the FENSI method provides additional information about the microstructure of local delivery in 
the tissue vascular beds. This information is not available with most of ASL approaches, although some 
of it may be in the signal of other ASL techniques which minimize transit time effects, such as Velocity-
Selective ASL (69). We suggest that the FENSI method will provide interesting complementary 
information for examining things like: changes in microstructural organization of brain microvasculature 
with aging (139), information about the specific flow related to a neurovascular unit, and provide early 
information on vasculature reorganization at early stages of neurological diseases. In addition, the 
technique will provide a general way to measure volumetric flow in other tissues, besides brain, such as in 
the bone or muscle, without the need to identify major feeding vessels for tagging.  
 
In qFENSI, the thin tagging plane is placed in the middle of the imaging volume. Note that this 
“imaging volume” is not actually what is being localized in the proposed method. It is simply the volume 
in which the flowing spins will accumulate after leaving the tagging plane. We choose to place the 
tagging plane in the middle of the imaging volume as we are trying to tag blood far down the arterial tree, 
where it may not be uniformly directed in the ascending direction (140,141). We desire to complement 
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existing methods in the field of blood flow imaging by providing a technique that measures volumetric 
flow rate of slow flowing blood on a highly localized scale and propose that tagging in the middle of the 
imaging volume as in qFENSI provides the most straightforward implementation for this purpose. We 
could place the tagging plane below the imaging volume, however, this ASL-like geometry setup would 
impose additional transit constraints for flowing spins we are imaging beyond those required for 
elimination of the tagging slice profile artifacts, as post-tag saturation is still needed in order to place the 
tagging plane very close to the imaging slice of interest. By contrast, the required transit of spins from 
labeling to detection has been minimized in our current qFENSI setup. 
 
Currently in the literature, there are two other noninvasive blood flow imaging techniques which 
are potentially able to provide a localized flow measure by tagging very close to imaging tissues of 
interest. The first one is Flow-sensitive Alternating Inversion Recovery (FAIR), especially single slice 
FAIR (31), in which the arterial transit time value is assumed to be small. The second potentially 
localized measure is Velocity-Selective ASL (VSASL), whose labeling is velocity-selective instead of 
spatial selective (69). It should be noted that in VSASL, a post-tag delay of 1600 ms is often used to 
optimize its SNR efficiency (142,143). Both techniques are ASL methods that measure perfusion, i.e., 
how much blood is delivered to a unit volume of tissue per unit time and the flow is calculated as 
perfusion in the unit of mL/100 g tissue/min. 
 
However, qFENSI measures a different aspect of blood flow, localized volumetric flow rates of 
blood as it passes across the thin tagging plane during the tagging time. qFENSI flow is quantified as flux 
in the units of µL/min/cm2. Additionally, the tagging approach of qFENSI differs from the ASL methods. 
Both FAIR and VSASL apply instantaneous tagging RF pulses, either spatial selectively or non-
selectively, and mainly tag arterial blood flow while it is moving fast. In contrast in qFENSI, repetitive 
tagging RF pulses are implemented to continuously tag slow-moving spins flowing across the thin 
tagging plane, making it possible to obtain blood flow signal from microvessels with a reasonable 
temporal SNR.  For comparison, we can examine the SNR measures per image in the literature which are 
calculated similarly to our qFENSI SNR (0.8±0.2) calculations with reported values of 2.1±0.3 by the 
pulsed ASL method of PICORE/QUIPSS II and 1.1±0.2 by Velocity-Selective ASL (VSASL with Vc = 2 
cm/s) (69). Some of the higher SNR of the pulsed ASL method is due to inversion labeling, whereas 
qFENSI uses saturation labeling. In addition, the ASL methods tag all inflowing blood, while qFENSI 
targets microvascular flow perpendicular to the tagging plane. 
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Although a direct comparison between perfusion and flux cannot be done due to the different 
flow mechanisms being examined, a thought experiment can be performed to check for relative 
agreement between the two measures. In steady state, perfusion delivered to a voxel would be balanced 
by flow leaving the voxel, using conservation laws within a voxel. For our qFENSI experiment, we have 
effective tag profiles of around 5 mm full width at half maximum (FWHM) after the repeated tagging 
module (see discussion to follow). Thus, we are measuring the flux through this 5 mm tag plane. If we 
convert our flux measure into a flow through the volume of the tagging plane, we get the same units as in 
perfusion. For our qFENSI measures, this gives a mean perfusion of 75 mL/min per 100 g tissue 
(activated GM) from the functional study, 31 mL/100 g/min (WM) and 73 mL/100 g/min (GM) from our 
static imaging study, assuming a density of tissue of 1 g/cm3. These results agree closely with the 
expected perfusion values from the literature (67,69) and the average GM/WM flow ratio reported by 
(113,144-146). Additionally, the flow changes (73±13%) measured with qFENSI match the reported 
values for similar functional tasks acquired with perfusion measurement methods (71,147). Although it is 
instructive to check order-of-magnitude agreement between the flow measures, we do not encourage this 
interpretation as the two approaches are measuring different aspects of flow which may be uncoupled in 
certain physiological situations. Further studies will provide normative measures for qFENSI across 
various populations. 
7.4.1 Selection of experimental parameters 
By employing the RF concatenation scheme, the magnetization transfer effects in qFENSI are 
well balanced between tag and control acquisitions. However, our preliminary results from numeric Bloch 
equation simulation and agar phantom experiments showed that a post-tag saturation slab must also be 
used to address differences in tagging plane profile between tag and control images. Our simulation and 
experimental results showed that these slice profile differences can be effectively suppressed by applying 
three saturation RF pulses after the tagging module with a thickness approximately three times wider than 
the preset slice profile width for a single (+45o, +45o) RF pair. Our phantom and in vivo results confirm 
that both the MT effects and the tagging plane profile effects have been successfully eliminated in the 
flow images obtained with qFENSI. 
 
Motion is another critical aspect to consider when designing the tagging and imaging geometry 
for the qFENSI sequence. The FENSI method is sensitive to small movements, and this is especially true 
for qFENSI as the tagging is realized by two concatenated 45o RF pulses. The spins in the slice excited by 
the first 45o pulse must significantly overlap with that by the second 45o pulse. Otherwise, if there is no 
overlap between these two pulses at all, a tag pair (+45o, +45o) will provide an identical tagging profile as 
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a control RF pair (+45o, -45o) and will lead to zero flow signal after subtraction. In human scans, it’s more 
robust to use a wider tagging plane, since pulsations during the cardiac cycle can cause significant brain 
motion, with peak displacements on the order of 0.5 mm (148). Therefore, we chose a 3 mm tagging 
plane to increase the likelihood of significant overlap in the pulse profiles of the concatenated RF pulse 
pairs.  
 
In human studies, a wider tagging plane (3 mm) requires a wider post-tag saturation slice (8 mm), 
which can decrease SNR. Meanwhile, a wider imaging slice (20 mm) and longer total tagging duration (3 
s) were used to improve SNR. Although the imaging slice thickness is 20 mm, the flow weighted signal in 
qFENSI results from spins flowing through the thin tagging plane of 3 mm. This gives qFENSI 
approximately the same imaging resolution as other functional neuroimaging methods. The thick imaging 
slice helps to increase the SNR and to allow a build-up of signal that has passed through the tagging plane. 
7.4.2 Challenges and future application 
Currently, one drawback to the current implementation of qFENSI for human scans is the 
sensitivity to main magnetic field inhomogeneity, or off-resonance, effects on the tagging efficiency. The 
difference in time between the centers of the two concatenated RF pulses, i.e., τ in Figure 7.1d, makes 
qFENSI vulnerable to off-resonance influences which induce extra phase offset between these two pulses. 
The sensitivity to off-resonance artifacts can cause signal loss, variability in the effective flip angle for tag 
and control pulses, and result in underestimation of blood flow. A correction method proposed previously 
may be used to address some of this quantification error (76).  
 
In addition to the sensitivity to off-resonance effects, a challenge of the current implementation is 
the loss of SNR from the use of the post-tag saturation slab.  Improved design of the tagging plane profile 
of the tagging RF pulse pairs, using Shinnar-Le Roux (SLR) RF pulses, could save more slow flow signal 
by allowing for a narrower post-tag saturation slice (83). Another drawback of the current method is that 
qFENSI is a single-slice method, which makes the technique quite SNR inefficient compared to multi-
slice flow imaging techniques. Future work will involve further development of qFENSI for multi-slice 
acquisition. 
 
With the ability to noninvasively provide highly-localized, directional-sensitive measures of 
blood volumetric flux, qFENSI is of great potential in many research and clinical applications. qFENSI 
will enable the direct measurement of highly-localized cerebral blood flow and its spatial architecture in 
different areas of the brain. This multiparametric (amount and orientation) measure of flow may provide 
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sensitive measures that may reflect early changes in the vitality of the brain with age, in circulatory 
disorders, in the development of tumors or neoplasms, and to investigate neurovascular coupling in gray 
matter relevant to functional MRI techniques. 
7.5 Conclusion 
In this work, we modified the FENSI volumetric flow imaging technique from a qualitative 
functional imaging tool to a quantitative flow measurement technique called quantitative FENSI or 
qFENSI. qFENSI is able to provide accurate absolute microvascular blood flow maps by eliminating 
magnetization transfer and tagging plane profile artifacts associated with the initial qualitative method. 
The feasibility and accuracy of quantitative FENSI to measure slow flow has been validated by our 
phantom studies. Also, cerebral blood flow maps of human brain quantified as volumetric flux were 
obtained successfully with qFENSI. Specifically, we found flow rates in gray matter ROIs during a visual 
task to have a mean volumetric flow rate of 375±33 µL/min/cm2 with a flow change of 73±13% in visual 
areas during functional activation, and 366±45 µL/min/cm2 in gray matter and 153±23 µL/min/cm2 in 
white matter for a second set of subjects at rest. 
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8 CHAPTER VIII  
CONCLUSION AND FUTURE WORK 
 
 
 
 
8.1 Conclusion 
The measurement of microvascular blood flow is of critical importance for understanding the 
hemodynamic transduction of functional signals and for monitoring physiological changes that occur with 
aging. The microvascular flow is the flow at the level where exchange of nutrients and oxygen occurs. 
The development of techniques to provide non-invasive windows into the blood flow at this level will 
provide a clinically and scientifically valuable tool for a variety of studies in both healthy and patient 
subjects. 
 
In this work, two novel MRI techniques, pTILT and FENSI, have been developed and 
implemented to acquire microvascular flow in the brain. These two imaging methods are saturation-based 
by using concatenated (45o, 45o) RF pulses for labeling and (45o, -45o) for controlling. The pulse 
sequences of pTILT and FENSI are similar, however, the labeling geometry and flow contrast mechanism 
are different.  
 
Figure 8.1 concludes and compares the labeling and imaging geometries among different flow 
imaging techniques. Continuous, pseudo-continuous ASL and global pTILT aim to continuously label the 
fast flowing spins in big arteries (yellow box in Figure 8.1a) using a thin tagging slice and image spins 
that are exchanged into imaging tissue (golden box in Figure 8.1a). In pulsed ASL, a thick tagging slab is 
placed at the big arteries to label a long plug of inflowing arterial spins, as shown in Figure 8.1b.  
 
Since uniform labeling efficiency is observed by employing non-adiabatic RF pulses in pTILT 
sequences, the tagging plane with localized pTILT can be moved very close to the imaging volume 
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(Figure 8.1c) to label slow flowing spins in the smaller vessels. Therefore, it is potential for localized 
pTILT to tag spins in microvasculature. In FENSI, the thin tagging plane is moved in the middle of the 
imaging, which is even closer towards the imaging tissue and (Figure 8.1d).  
For ASL techniques in Figures 8.1 a and b, it allows measurement of localized delivery of blood, 
but it can have a strong dependency on blood flow pathway and ATT, as these ASL approaches aim to tag 
arterial spins in the large feeding arteries while imaging blood signal downstream in the brain tissue of 
interests. While for localized pTILT and FESNI, the tagging location is closer to the imaging volume, 
resulting in a much smaller or even zero ATT effects. Especially for FENSI, it allows for interrogation of 
highly localized, slow blood flow in small vessels, a regime in which very few non-invasive methods are 
available. 
Artery Vein Artery Vein
Artery Vein
Artery Vein
Tagging location imaging location
(a) CASL/pCASL/Global pTILT
(c) Localized pTILT
(b) PASL
(d) FENSI
 
Figure 8.1: The labeling and imaging geometries of (a) CASL, pCASL and global pTILT, (b) 
PASL, (c) Localized pTILT and (d) FENSI. 
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8.2 Future work 
8.2.1 Inversion-based pTILT/FENSI 
 According to Eric Wong’s ideal arterial spin labeling model, three conditions must be met in the 
ideal case, first the tagging is continuous, second, inversion instead of saturation is used for labeling, and 
third the labeling tags slow flowing spins and occurs right at the small arterioles before the blood enters 
the capillary bed and tissue. Both localized pTILT and FENSI satisfy two of the three conditions, i.e., 
continuous tagging and sensitivity to slow flow. However, these two techniques are saturation-based, thus, 
the theoretical maximum SNR is only half of that by inversion-based flow imaging approaches. Therefore, 
it is desirable to further develop the labeling in pTILT and FENSI from saturation to inversion, which is 
the last requirement to make pTILT and FENSI as ideal flow imaging methods. 
8.2.2 Microvasculature directionality imaging 
Although traditionally treated as randomly oriented and isotropic, cerebral capillaries have 
preferential orientations and can produce net flow patterns.  In the human cerebral cortex, a recent study 
in (140) shows varying degrees of preferential capillary orientations.  The capillaries in superficial 
cortical layers were shown to be arranged perpendicular to the cortical surface and capillaries in white 
matter show orientation parallel to cortical surface.  The white matter orientation would correspond to the 
orientation of the main fiber tracks leading to the cortical surface.  Moreover, the existing histological 
images seem to indicate that deep white matter microvasculature is essentially anisotropic and follows the 
neural fiber pathways (149).  Although more systematic histological studies are needed, the existing 
observations in deep cerebral white matter and the spinal cord, as well as the reasonableness of the 
assumption that neurogenesis and angiogenesis are coupled, suggest that the white matter microvessels 
conform to the preferential orientation of the axonal fibers. 
 
By using the directional sensitive nature of FENSI, we will further develop and test the FENSI 
sequence and processing algorithm to examine the directional preferences of white matter microvascular 
flow. FENSI produces tags that are spatially localized with velocity and directional specificity.  Tagged 
spins moving fast in a large vessel will likely exit the imaging slice, irrespective of changes in direction. 
We expect that FENSI will tag spins closer to the microvasculature of the slice and suffer from less 
contamination of larger flows. This will also lead to more specific estimates of directional distribution of 
microvascular flow.   
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8.2.3 Improvement of labeling slice profile 
Implementation of Shinnar-Le Roux (SLR) RF pulses (83), which is well-known for providing 
analytical tradeoffs for slice profile performance, could further reduce slice profile errors in the imaging 
slab and allow for closer spacing between the labeling slice and the imaging slices for pTILT. It is also 
beneficial in FENSI, since a better labeling slice profile permits a narrower post-tag saturation slice and 
less slow flow signal loss.   
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